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growth  resistance  of  7475.  It  involved  the  use  of  thermomechanical  processing 
to  modify  the  grain  structure  for  enhancement  of  both  intrinsic  and  extrinsic 
effects.  In  our  last  report  we  described  the  use  of  a  direct  current 
potential  drop  technique  (DC-PD)  to  examine  the  possibility  of  crack  tip 
welding  in  vacuum  and  the  results  of  our  initial  experiments  using  this 

I 

method.  There  were  some  problems  with  the  analysis  of  the  data  and  during  the  l 

past  year  a  method  for  an  improved  analysis  was  developed.  This  is  described 
in  detail  in  the  report. 

Task  II  was  concerned  with  a  study  of  the  fatigue  crack  growth  and 
fracture  mechanisms  of  an  Al-Li-Cu  alloy.  The  experimental  results  were 
described  in  our  last  report  along  with  a  preliminary  model  which  related  the 
deformation  behavior  with  the  fracture  toughness.  During  the  past  year  we 
have  refined  our  analysis  and  the  model  which  accurately  predicts  the 
fracture  toughness  as  a  function  of  slip  band  spacing  and  width.  This  most 
recent  work  is  discussed  in  the  report. 

Task  III  was  concerned  with  secondary  cracking  in  Al-Li-Cu,  Al-Li-Mg  and 
Al-Li-Cu-Mg  alloys.  Many  recent  studies  of  this  class  of  alloys  have  shown 

that  they  can  exhibit  severe  grain  boundary  cracking.  The  most 
commonly-observed  manifestation  of  this  cracking  is  the  appearance  of 
secondary  cracks  on  fracture  surfaces  of  tensile  specimens  loaded  parallel  to 
the  rolling  direction.  We  have  identified  four  potential  mechanisms  for  this 
cracking  which  include  the  effects  of:  (1)  modulus,  (2)  segregation  of  Na  and 
K  to  grain  boundaries,  (3)  grain  boundary  precipitates,  and  (4)  strain 
loi.a 1 izat i on .  We  have  designed  experiments  to  examine  each  of  these  effects 


and  our  results  to  date  are  described  in  the  report. 
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ABSTRACT 

This  program  was  initiated  on  January  1,  1983.  ^  I ts  objective  is  to 
develop  an  understanding  of  the  mechanisms  involved  in  the  initiation  and 
propagation  of  cracks  in  metals  in  order  to  optimize  the  microstructure  of 
high  strength  aluminum  alloys  for  overall  fracture  resistance.  The  research 
conducted  during  this  year  was  divided  into  three  tasks. 

Task  1  was  concerned  with  the  effects  of  slip  character  and  grain  size 
on  the  intrinsic  material  and  extrinsic  closure  contributions  to  fatigue  crack 
growth  resistance  of  7A75.  It  involved  the  use  of  thermomechanical  processing 
to  modify  the  grain  structure  for  enhancement  of  both  intrinsic  and  extrinsic 
effects.  In  our  last  report  we  described  the  use  of  a  direct  current 
potential  drop  technique  (DC-PD)  to  examine  the  possibility  of  crack  tip 

welding  in  vacuum  and  the  results  of  our  initial  experiments  using  this 
method.  ^ There  were  some  problems  with  the  analysis  of  the  data  and  during  the 
past  year  a  method  for  an  improved  analysis  was  developed.  This  is  described 
in  detail  in  the  report. 

Jask  II  was  concerned  with  a  study  of  the  fatigue  crack  grow'th  and 

fracture  mechanisms  of  an  Al-Li-Cu  alloy.  The  experimental  results  were 
described  in  our  last  report  along  with  a  preliminary  model  which  related  the 
deformation  behavior  with  the  fracture  toughness.  During  the  past  year  we 
have  refined  our  analysis  and  the  model  which  accurately  predicts  the 

fracture  toughness  as  a  function  of  slip  band  spacing  and  width.  This  most 

recent  work  is  discussed  in  the.  report. 

Task  IIT  was  concerned  with  secondary  cracking  in  Al-I.i-Cu,  Al-Li-Mg  and 
Al-Li-Cu-Mg  alloys.  Many  recent  studies  of  this  class  of  alloys  have  shown 
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that  they  can  exhibit  severe  grain  boundary  cracking.  The  most 


commonly-observed  manifestation  of  this  cracking  is  the  appearance  of 


secondary  cracks  on  fracture  surfaces  of  tensile  specimens  loaded  parallel  to 


the  rolling  direction.  We  have  identified  four  potential  mechanisms  for  this 


cracking  which  include  the  effects  of:  (1)  modulus,  (2)  segregation  of  Na  and 


K  to  grain  boundaries,  (3)  grain  boundary  precipitates,  and  (4)  strain 


localization.  We  have  designed  experiments  to  examine  each  of  these  effects 


and  our  results  to  date  are  described  in  the  report. 
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SUMMARY  OF  PROGRESS  DURING  1985 


TASK  I.  AN  IMPROVED  ANALYSIS  OF  THE  POTENTIAL  DROP  METHOD  FOR 
MEASURING  CRACK  LENGTHS  IN  COMPACT  TENSION  SPECIMENS 

M.  E.  Orazem  and  W.  W.  Ruch 

The  measurement  of  an  AC  or  DC  potential  drop  across  a  region  of  local 
stress  has  become  a  standard  method  for  determining  the  crack  length  in  metal 
specimens  (1-8).  This  technique  provides  a  continuous  and  nondestructive 
determination  of  crack  length;  however,  the  interpretation  of  these  data 
generally  requires  a  separate  calibration.  For  many  specimen  geometries, 
analytical  solutions  of  Laplace's  equation  can  be  obtained  which  provide 
theoretical  relationships  among  variables  such  as  specimen  geometry,  measured 
potential  drop,  and  crack  lengths  (9-12).  Such  analytical  solutions  can  guide 
and  support  the  calibration  procedure,  but  are  not  available  for  the  compact 
tension  specimen  geometry.  Ritchie  and  Bathe  (13)  and  Aronson  and  Ritchie 
(14)  have  obtained  numerical  solutions  of  Laplace's  equation  for  the  compact 
tension  specimen  through  application  of  finite  element  analysis.  Accurate  use 
of  finite  element  solutions  of  Laplace's  equation  for  this  system  requires, 
however,  a  large  number  of  nodes  due  to  the  singularities  observed  at  the 
electrode  edges.  Orazem  (15)  has  presented  a  numerical  solution  of  Laplace's 
equation  for  this  specimen  geometry  which  alleviates  this  problem  through  use 
of  conformal  mapping  coupled  with  a  numerical  technique.  The  objective  of 
this  work  is  to  show  the  application  of  Orazem's  results  (15)  to  the  potential 
drop  method  for  compact  tension  specimens. 

In  practice,  calibration  curves  are  genera!  lv  given  in  the  form  of  V  /'V 
r  a  ao 

versus  a/W  where  V  is  tin'  potential  drop  across  a  specimen  with  crack  length 

G 

a  (see  Figure  1)  ami  V  is  the  reference  potential  drop  for  a  specified  value 
of  a.  Through  the  use  of  such  nondimiMision.il  terms,  the  calibration  curve 
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becomes  independent  of  the  conductivity  and  thickness  of  the  specimen  and  of 


r» 
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the  magnitude  of  the  current.  For  a  given  specimen  geometry,  the  calibration 
procedure  involves  obtaining  an  independent  measure  of  the  crack  length 
through  such  methods  as  machining  a  crack  to  a  specified  depth,  surface 
observation  and  measurement  of  the  growing  crack,  marking  the  crack  length  by 
tinting  or  overloading,  or  use  of  an  electrical  analog,  e.g.,  graphitized 
paper  or  aluminum  foil  where  the  crack  length  can  be  increased  by  cutting 
with  a  razor  blade.  The  data  obtained  in  this  manner  are  then  fit  to  a  three 
parameter  equation  such  as  a  power  law  model  with  the  form 


V  C. 

— —  =  c  +  C  (-1  ^ 

V  S  L2  V 
ao 

or  a  two  parameter  model  such  as 

Va  _  .  i  1_  ,  a  . 

V  ci  eNp  !  C  (  W  '  W  ) 

ao  2 


(1) 


(2) 
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where  C^_  are  adjustable  parameters  obtained  by  a  linear  regression  of  the 
appropriate  equation  to  the  calibration  data.  These  equations  provide  a  good 
match  to  the  calibration  data  but  do  not  follow  the  correct  asymptotic 
behavior  at  long  crack  lengths,  a  region  where  exact  knowledge  of  the  crack 
length  is  critical.  Orazem  (15)  has  suggested  that  the  proper  variable  for 
this  calibration  is 


$  =  (1  -  a/V)jj 


and  the  proper  form  for  the  calibration  curve  is 


drRT  =  Cx  -  -  ln(£) 


(3a) 


(3b) 


where  cIkR^  is  the  dimensionless  resistance  of  the  test  specimen  between  the 


voltage  probes  related  to  the  usual  ratio  of  potential  drop  measurements  by 


V 


a 


dKR  =  -f-  V 

1  V  ao  pi 
ao 


(3c) 


These  expressions  are  based  upon  the  asymptotic  solution  for  long  crack 
lengths.  With  accurate  measurement  of  the  current  I,  the  specimen  thickness 
d,  and  the  resistivity  p,  equation  (3)  provides  an  accurate  form  for  the 
calibration  curve  with  only  one  adjustable  parameter.  In  addition,  for  the 

usual  specimen  geometry,  this  parameter  is  very  close  to  zero.  If  the 

specimen  resistivity  is  not  known,  equation  (3)  may  be  regarded  to  be  a  two 
parameter  model  from  which  a  value  for  the  specimen  resistivity  can  be 

obtained . 

While  equation  (3)  provides  the  correct  asymptotic  solution  for  long 
crack  lengths,  the  degree  to  which  it  applies  to  short  crack  lengths  is 
perhaps  surprising.  The  experimental  verification  of  this  approach  is 
presented  in  this  paper  along  with  treatment  of  the  conditions  under  which 
equation  (3)  does  not  apply.  A  brief  discussion  of  the  theoretical  method  is 
presented  below.  Readers  interested  in  the  application  of  these  results  may 
skip  to  the  section  Results  and  Discussion. 

Theory 

Primary  current  and  potential  distributions  apply  to  systems  for  which 

the  surface  overpotcnt  ia  1  can  be  neglected  and  the  phase  adjacent  to  the 

electrode  has  a  uniform  potential.  These  assumptions  are  strictly  valid  for 

solid  conductors  in  which  the  current  is  electronic.  Calculation  of  the 

primary  current  and  potential  distributions  involves  solution  of  Laplace  s 
') 

equation,  =  0,  which  is  not  trivial,  even  for  simple  geometries.  The 


method  of  images  (16),  separation  of  variables  (18),  and  superposition 
(18,19)  have  been  used  to  solve  Laplace's  equation  for  a  number  of  systems.  A 
review  of  analytic  solutions  has  been  presented  by  Fleck  (HO')  . 


The  Schwarz-Chr istof f e 1  transformation  (21-23),  a  type  of  conformal 
mapping,  provides  a  powerful  tool  for  the  solution  of  Laplace's  equation  in 
systems  with  planar  boundaries.  The  Schwarz-Christoffel  transformation  has 
been  used  to  obtain  the  primary  resistance  of  a  number  of  cell  geometries  with 
application  to  electrochemical  processes  (.24-27).  Ti  is  method  was  used  by 
Moulton  (28)  to  derive  the  current  and  potential  distribution  for  two 
electrodes  placed  arbitrarily  on  the  boundaries  of  a  rectangle.  Moulton's 
solution  provides  an  asymptotic  solution  for  compact  tension  specimens  with  a 
small  notch  size.  Theoretical  calibration  curves  for  fracture  specimens  have 
also  been  obtained  through  application  of  conformal  mapping  for  a  number  of 
simple  specimen  geometries,  such  as  center  and  edge-cracked  plates  with 
various  starter  notch  or  crack  configurations  (9-11).  These  are  reviewed  by 
Halliday  and  Beevers  (121.  Application  of  the  Schwarz-Christoffel 
transformation  is  generally  limited,  however,  by  the  difficulty  of  generating 
solutions  to  the  resulting  integrals.  Analytic  solutions  allow  calculation  of 
the  primary  current  and  potential  distributions  throughout  the  cell,  but  are 
possible  for  a  limited  number  of  system  geometries.  Numerical  evaluation  of 
these  integrals  allows  calculation  of  both  the  primary  current  distribution 
along  the  electrodes  and  the  cell  resistance.  Orazem  (15)  has  applied  this 
method  to  the  compact  tension  specimen. 

Method  of  Solution 

The  geometry  of  a  compact  tension  specimen  for  measurement  of 
<: rack -growth  in  response  to  fatigue  is  presented  in  Figure  1.  The  dimensions 
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are  according  to  ASTM  standards  for  specimen  design  and  are  included  within 
the  figure.  These  standards  are  modified  for  the  study  of  crack  growth  in 
response  to  steady  tension.  The  envelope  of  the  starter  notch  is  typically 
small  and  the  angle  £  is  generally  tt/6  (30°).  This  study  will  also  make  use 
of  a  large  notch  with  angle  3  equal  to  tt/2  (90°)  to  illustrate  a  region  where 
the  numerical  results  of  Orazem  (15)  apply.  Specimens  with  large  notches  have 
been  used  in  stress -corrosion  cracking  experiments  to  allow  the  solution 
properties  near  the  growing  crack  tip  to  be  probed.  Under  the  ASTM  standards, 
the  test  block  must  be  sufficiently  thick  that  edge  effects  do  not  influence 
the  propagation  of  the  crack  as  a  plane.  This  requirement  is  consistent  with 
analysis  of  the  electrical  resistance  of  this  system  as  being  that  of  a 
two-dimensional  specimen  of  the  shape  presented  in  Figure  1  and  of  thickness 
d. 

Under  the  assumption  that  current  inputs  and  voltage  measurement  probes 
are  placed  directly  opposite  each  other,  the  plane  of  crack  growth  can  be 
regarded  to  be  a  plane  of  symmetry.  Thus  the  specimen  will  have  twice  the 
electrical  resistance  of  the  system  presented  in  Figure  2a,  where  constant 
potential  surfaces  are  designated  by  RS  and  PQ  and  all  other  boundaries  are 
considered  to  be  insulating.  The  pin  holes  (see  Figure  1)  were  assumed  to  be 
filled  by  a  close-fitting  pin  with  the  conductivity  of  the  test  specimen.  The 
specimen  is  placed  in  a  complex  coordinate  system  such  that  the  line  OA  lies 
on  the  real-z  axis.  The  coordinate  system  of  Figure  2a  is  transformed  through 
an  intermediate  half-plane  t  (see  Figure  2b)  to  a  coordinate  system  (Figure 
2c)  in  which  Laplace's  equation  can  be  solved  easily. 

The  primary  current  distribution  along  the  electrodes  and  the  cell 
resistance  can  be  calculated  through  application  of  the  Schwarz-Chr i stof f e 1 
transformation.  Complex  coordinate  systems  are  used,  thus 


Fillin'  2.  Schematic  representation  of  a  sectioned  specimen 
and  Its  transformation  into  coordinates: 


z  =  z  +  jz  .  . 
r  J  1 


The  z-coordinate  system  is  related  to  the  t-coordinate  system  of  Figure  2b  by 


t 

z  =  / 


(e-t) 


fs/lT 


0  tHa-t)'(b-t)'(c-t)'(d-t)p/,1T 


dt 


(4) 


where  a,  b,  c,  d,  and  e  are  the  values  of  t  corresponding  to  z  values  of  A,  B, 
C,  D,  and  E,  respectively.  The  outside  angle  of  D  is  represented  by  £5  such 
that  B/tt  =  1/2  for  a  right  angle  corner.  The  electrodes  PQ  and  CS  correspond 
to  pq  and  cs  in  the  t-plane. 

* 

The  variable  X  (see  Figure  2c)  is  related  to  the  t-variables  by  the 
Schwarz -Chr istof fel  trans formation ; 


X  =  /  - r - h - I - T  dt  .  (5) 

0  (t-p) 2 (q-t) 2 (c-t) 2 (s-t)  2 

Solution  of  Laplace's  equation  for  the  x-system  yields  the  potential  as  a 
linear  function  of  x; 


x . 

*  =  x  1  '  V  ,  (6) 

i ,  max 

where  x.  is  the  separation  between  electrodes  cs  and  pq  in  the  X-system, 

i 

and  V  is  the  potential  difference  between  the  electrodes.  The  potential  drop 
in  the  original  cell  of  Figure  1  is  2V.  The  current  density  is  related  to  the 
potential  derivative  at  the  electrodes.  The  relationships  among  the  potential 
derivatives  at  the  electrodes  in  the  X.  t,  and  z-coordinate  systems  are 
developed  elsewhere.  These  relationships  are  the  basis  for  a  system  of 
nonlinear  integral  equations  that  can  be  solved  to  obtain  the  current  density 
along  either  electrode  in  the  z-coordinate  system.  The  dimensionless  primary 
resistance  dicR,  is  obtained  through  integration  over  the  electrode  pq  in  the 


t-coordinate  system: 


dtcR  = 


1  .max 


(7) 


4  .1  _4  .1 
J  (t-p)  5 (q-t)  *(c-t)  ~(s-t)  “dtr 

P 

The  derivation  of  equation  (7)  and  the  numerical  method  used  in  this 

calculation  are  presented  by  Orazem  (15).  The  dimensionless  electrical 

resistance  is  a  function  of  the  angle  6,  three  geometric  ratios  associated 

with  cell  shape  (e.g.,  z./z.  ,  z  /z.  ,  and  z  /z,  ),  and  three  geometric  ratios 

l  h  in'  h  u  h  & 

associated  with  electrode  placement  (e.g.,  z,  /z,  ,  z  /z.  ,  and  z  /z.  ) .  In  the 

k  n  n  h  c  h 

limit  of  the  starter  envelope  area  approaching  zero,  the  electrical  resistance 
approaches  that  of  a  rectangle  with  appropriately-placed  electrodes.  The 
solution  for  this  problem  has  been  presented  by  Moulton  (28)  in  terms  of 
tabulated  elliptic  functions  (29). 

The  dimensionless  resistance  calculated  in  this  way  is  that  for  the 
entire  specimen.  This  resistance  is  related  to  that  obtained  from  the 
measured  potential  drop  dtcR^  by 

dicR  =  dsR  +  dicR,  (8) 

where  dKRQ  is  the  dimensionless  resistance  obtained  from  the  potential  drop 
between  the  current  inputs  and  the  leads  for  potential  drop  measurement.  The 
term  dicR^  may  be  expected  to  be  independent  of  crack  length  for  specimens  with 
a  large  notch  size. 

Results  and  Discussion 

The  theoretical  results  of  Orazem  (15)  cannot  be  applied  directly  to  the 
calibration  of  compact  tension  specimens  for  which  the  potential  drop  is 
measured  at  locations  different  than  the  current  inputs.  Aronson  and  Ritchie 
(1*+)  state  that  the  top  surface  close  to  the  notch  is  the  preferred  location 
for  positioning  leads  for  measurement  of  potential  differences  across  the 
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cracked  region.  This  location  minimizes  errors  associated  with  the 
uncertainty  of  probe  location  and  with  contact  resistances  associated  with  the 
current  inputs.  The  resistance  obtained  as  a  function  of  crack  length  with 
leads  separated  from  the  current  inputs  can  be  related  to  the  work  of  Orazem 
(15)  under  the  assumption  that  the  residual  resistance  is  independent  of  crack 
length.  This  assumption  is  valid  for  specimens  with  a  large  notch  area.  Such 
specimens  have  been  used  to  study  stress  corrosion  cracking  where  the  large 
notch  allowed  the  introduction  of  probes  near  the  crack  tip.  The  analysis  of 
this  method  is  therefore  presented  in  terms  of  the  influence  of  notch  size  and 
the  applicability  of  equation  (3)  as  a  calibration  curve  for  specimens  with  a 
small  notch  size. 

The  Influence  of  Notch  Size 

The  potential  drop  method  was  calibrated  by  optical  measurement  of  the 
growing  crack  on  the  surface  of  a  specimen  subject  to  fatigue.  The  potential 
drop  was  measured  between  leads  located  at  position  V  and  between  current 
inputs.  The  current  was  held  at  50  Amps,  and  the  magnitude  of  the  potential 
drop  measured  across  the  notch  ranged  from  0.5  to  2  mV.  The  potential  drop 
measured  between  current  inputs  ranged  from  6  to  10  mV.  The  potential  drop 
measured  between  current  inputs  had  a  significant  amount  of  scatter  due  to  the 
variation  of  the  contact  resistance  with  the  tension  applied  to  the  specimen. 
These  data  were  therefore  discarded,  and  the  analysis  was  based  upon  the 
potential  drop  measured  between  the  potential  leads  as  shown  in  Figures  1  and 
3  . 

Calibration  data  are  presented  in  Figure  4  for  specimens  with  large 
rectangular  notches  (see  Figure  3).  These  specimens  were  constructed  by 
precracking  the  specimen  with  a  narrow  notch  by  fatigue  and  subsequently 
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Figure  4. 


Dimensionless  resistance  of  the  specimen  of  Figure  3  as  a  function 
of  the  dimensionless  crack  length  variable  defined  in  equation  (3a) 
with  notch  size  as  a  parameter.  Solid  lines  .ire  the  calculated 
values  from  equation  (7),  the  upper  clashed  line  is  the  calculated 
values  obtained  from  Moulton's  solution,  and  the  lower  dashed  line 
is  obtained  from  equation  (31.  All  data  are  for  a  7075-Tb  aluminum 
alloy;  the  different  symbols  for  the  largest  notch  indicate 
repeated  experiments. 


machining  the  large  notch.  Data  are  presented  for  notch  widths  of  0.323,  1.0, 
and  l.o  inches.  The  results  of  numerical  calculations  for  these  geometries 
are  presented  as  solid  lines  in  Figure  4.  The  upper  dashed  line  is  the 
asymptotic  solution  given  by  Moulton  (28).  The  calculated  resistance  is 
higher  than  that  obtained  from  the  experiments  because  the  data  represent  the 
resistance  between  potential  leads,  whereas  the  calculations  provide  the 
resistance  of  the  entire  specimen.  Under  the  assumption  that  the  residual 
resistance  is  independent  of  crack  length,  the  data  can  be  adjusted  according 
to  equation  (8).  These  adjusted  data  are  presented  in  Figure  5.  The 
assumption  that  dicR^  is  independent  of  crack  length  is  strictly  valid  for 
large  notches,  but  fails  for  the  smaller  notch  as  shown  in  Figure  5.  The 
results  presented  in  Figure  5  provide  experimental  verification  for  the 
numerical  results  of  Orazem  (15)  for  large  notch  sizes  and  support  his 
conclusion  that  small  notches  provide  optimal  sensitivity  of  the  potential 
drop  method  to  crack  lengths. 

The  results  for  the  specimen  with  the  smaller  notch  indicate  that  the 
residual  resistance  is  a  function  of  crack  size  for  small  notches  such  that 
the  asymptotic  solution  for  long  cracks  is  followed  even  for  short  cracks. 
This  result  is  perhaps  both  surprising  and  fortuitous.  The  simple  form  of  the 
asymptotic  solution  for  long  crack  lengths,  valid  in  a  region  where  knowledge 
of  the  crack  length  is  critical,  also  applies  for  small  crack  lengths  under 
the  conditions  that  the  potential  drop  is  measured  close  to  the  notch  and  that 
the  notch  is  small.  These  are  precisely  the  optimal  specimen  configurations 
suggested  by  Aronson  and  Ritchie  (14)  and  by  Orazem  (15). 


Calibration  Procedure 


Experimental  calibration  data  are  presented  in  Figure  6  for  three 
specimens  of  experimental  a luminum- i ithium-magnes ium  alloys  with  small  notches 
as  shown  in  Figure  1.  These  alloys  were  obtained  by  a  mechanical  alloying 
process,  and  they  differ  only  in  carbon  content.  The  solid  line  is  the 
calculated  value  for  this  geometry  which  follows  exactly  Moulton's  solution 
(28).  The  data  most  closely  follow  the  asymptotic  solution  for  long  crack 
lengths.  The  relationship  between  these  data  and  the  traditional  method  for 
analysis  of  calibration  data  as  described  in  the  introductory  section  is  seen 
in  Figure  7.  The  dashed  curve  is  the  best  fit  according  to  equation  (2). 
Equation  (3)  was  used  in  this  analysis  as  a  two  parameter  model  from  which  the 
electrical  resistivity  for  the  specimens  was  obtained.  The  resistivity  was 
found  to  be  15.9  pf!#cm  for  the  specimen  denoted  by  triangles,  17.4  pft»cm  for 
the  specimen  denoted  by  squares,  and  15.5  pft^cm  for  the  specimen  denoted  by 
circles.  The  solid  line  follows  equation  (3)  where  the  constant  was  equal 
to  0.097,  0.029,  and  0.019,  respectively.  Independently  measured  values  of 

the  resistivity  for  these  specimens  were  14.2,  14.2,  and  14.0  pfi»cm, 

respectively.  The  first  two  values  are  for  the  same  alloy;  the  deviation 
between  resistivities  obtained  through  the  calibration  data  and  the 
independent  measurements  can  be  attributed  to  uneven  growth  of  the  crack 
front.  Deviation  was  most  pronounced  for  samples  which  showed  extensive 
curvature  of  the  crack  fronts.  The  extent  of  curvature  was  observed  by 
examining  the  overload  markings  on  the  fracture  surface.  The  specimen  used 
for  the  large  notch  studies  was  a  7075-T6  aluminum  alloy.  The  electrical 
resistivity  obtained  from  the  calibration  data  for  this  material  was  6.41 
pO'cm,  and  the  independently  measured  value  for  this  specimen  was  5.9  pft*cm. 
The  scatter  of  data  for  the  calibration  of  large-notch  specimens  was  smaller; 
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Figure  6.  Dimensionless  resistance  of  the  specimen  of  Figure  1  as  a  function 
of  the  dimensionless  crack  length  variable  defined  in  equation  (.3). 
The  solid  line  is  the  calculated  values  from  equation  (7),  and  the 
dashed  line  is  obtained  from  equation  (3).  □  and  A,  repeated 
experiments  for  an  A 1 -2 . 5Li -2 . OMg- 1 •  1C-0 . 60  alloy;  and  .  an 
Al-2.5Li-2.0Mg-0.7C-0. 60  allov. 


however,  equation  (3),  from  which  the  resistivity  was  determined,  could  only 
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be  used  for  the  specimen  with  a  smaller  notch.  This  is  apparent  in  the 


presentation  in  Figure  8  of  calibration  data  for  specimens  with  a  large  notch. 


These  results  show  the  power  of  this  approach  in  analyzing  calibration 


data.  As  a  two  parameter  model,  the  calibration  data  can  provide  a  value  for 


the  electrical  resistivity  of  the  specimen.  This  may  prove  to  be  especially 


useful  for  experimental  alloys  for  which  literature  values  are  not  available. 


The  shape  of  the  calibration  curve  is  based  upon  fundamental  principles,  and 


the  additive  constant  merely  shifts  the  curve  up  or  down.  This  is  evident  in 


the  analysis  of  the  data  for  large  notch  specimens  as  shown  in  Figure  8.  The 


model  curves  shown  as  solid  lines  in  Figure  8  differ  only  in  the  value  for  the 


additive  constant.  Through  this  analysis,  coupling  of  the  electrical 


resistance  method  with  other  techniques  for  monitoring  crack  length  will  al low- 


evaluation  of  such  anomalies  as  uneven  crack  growth,  crack  closure,  and 


changes  in  the  electrical  conductivity  near  the  growing  crack  tip.  Sucli  an 


anomaly  is  seen  in  the  data  presented  in  Figure  7. 


Conclus ion 


Equation  (3)  provides  a  useful  tool  for  the  calibration  of  the  potential 


drop  method  for  measuring  crack  lengths  in  compact  tension  specimens  of  the 


usual  dimension.  This  equation  follows  the  correct  asymptotic  solution  for 


long  crack  lengths  and  holds  for  even  very  short  crack  lengths  for  specimens 


with  a  small  notch.  For  this  reason,  equation  (3)  can  be  used  to  evaluate  the 


calibration  data  for  anomalies  such  as  those  associated  with  uneven  crack 


growth,  crack  closure,  and  changes  in  conductivity  near  the  crack  tip. 


Equation  f  3 1  can  also  he  used  as  a  two  parameter  model  from  which  the 


electrical  resistivity  of  the  specimen  can  be  determined.  The  data  presented 


here  for  specimens  with  large  notches  support  the  results  of  Orazem  (151 
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Dimensionless  resistance  (if  the  specimen  of  Figure  1  as  a 
of  a/V.  Solid  lines  are  calculated  values  from  equation 
the  different  symbols  indicated  repeated  exper iments . 


obtained  by  a  numerical  method  coupled  with  conformal  mapping,  and  support  the 
conclusion  (14,15)  that  the  optimal  specimen  geometry  includes  potential 
measurement  at  the  top  of  the  specimen  across  a  small  notch. 
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NOTATION 


Roman  Characters 

a  crack  lengthm  em  (see  Figure  1) 

Ck  adjustable  parameters  for  equations  (1),  (2),  or  (3) 

d  specimen  thickness,  cm  (see  Figure  1) 

h  distance  defined  in  Figure  1,  cm 

O 

i  current  density,  mA/cm~ 

j  /  -1 

R  half-cell  resistance,  ohms 

V  potential  drop,  V 

V  potential  drop  measured  for  crack  length  a,  V 

V  potential  drop  measured  for  a  reference  crack  length  ao ,  V 

W  distance  defined  in  Figure  1,  cm 

z^  crack  length,  cm  (see  Figure  2a) 

z^  cell  height,  cm  (see  Figure  2a) 

zk  height  of  electrode  for  resistance  measurement,  cm  (see  Figure  2) 

z^  length  of  half-cell,  cm  (see  Figure  2a) 

z^  half-width  of  starter-crack  notch,  cm  (see  Figure  2a) 

z^  width  of  electrode  for  resistance  measurement,  cm  (see  Figure  2a) 

z^  depth  of  starter-crack  notch,  cm  (see  Figure  2a) 

Greek  Characters 


a  angle  at  corner  of  electrode  and  Insulating  wall 

&  angle  of  notch  (see  point  D  in  Figure  2a) 

k  conductivity,  mho/cm 

£  dimensionless  length  of  uncracked  ligament  (see  equation  3a) 

p  resistivity,  yfi»cm 

#  electrical  potential,  V 


Subscripts 


i  imaginary 

r  rea  1 


23 


r..\.  -  .  - 


E 


REFERENCES 


1. 


2. 

3. 


4. 


5. 


6. 


7. 

8. 


9  . 


10. 

11 . 


12  . 


13. 


"Standard  Test  Method  for  Plane-Strain  Fracture  Toughness  of  Metallic 
Materials,"  in  Annual  Book  of  \STM  Standards.  Part  10,  American  Society 
for  Testing  and  Materials,  Philadelphia,  PA,  1979,  540-561. 

Barnett,  W.  J.,  and  A.  R.  Troiano,  "Crack  Propagation  in  the  Hydrogen- 
Induced  Brittle  Fracture  of  Steel,"  Journal  of  Metals,  9  (1957),  486-494. 

Tchorzewski,  R.  M.  and  W.  B.  Hutchinson,  "Anisotropy  of  Fracture 
Toughness  in  Textured  Titanium-6A1-4V  Alloy,"  Metallurgical  Transactions, 
9A  (1978)  ,  1113-1124.  ~  ~  . 

Stubbington,  C.  A.  and  S.  Pearson,  "Effect  of  Dwell  on  the  Growth  of 
Fatigue  Cracks  in  Ti-6A1-4V  Alloy  Bar,"  Engineering  Fracture  Mechanics, 
10  (.1978)  ,  723-75o.  ~  .  . 

Beevers ,  C.  J.,  R.  J.  Cooke,  J.  F.  Knott,  and  R.  0.  Ritchie,  "Some 
Considerations  of  the  Influence  of  Subcritical  Cleavage  Growth  During 
Fatigue  Crack  Propagation  in  Steels,"  Metal  Science,  9  (1975),  119-126. 

Blades,  N.  A.  J.,  W.  J.  Pltimbridge,  and  D.  Sidey,  "High  Temperature 
Fatigue  Crack  Propagation  in  Aluminum  Alloy  RR58,"  Materials  Science  and 
Engineering ,  26  (1976),  195-207. 

Johnson,  H.  H.  and  A.  M.  Willner,  "Moisture  and  Stable  Crack  Growth  in  a 
High  Strength  Steel,"  Applied  Materials  Research,  4  (1965),  35-40. 

Hackett ,  E.  M.  ,  J.  R.  Scully,  and  P.  J.  Moran,  "influence  of  Cathodic 
Polarization  on  the  Fracture  Properties  of  High  Strength  Steels  in 
Seawater,"  presented  at  the  Meeting  of  the  Electrochemical  Society, 
Washington,  D.C.,  October  13,  1983. 

Carlsson,  A.  J.,  "Experimental  Studies  of  Fracture  Propagation," 
Transactions  of  the  Royal  Institute  of  Technology,  Stockholm,  Sweden ,  189 
(1962),  1-55.  ""  ~  '  . .  ~  ~  ~ . " 

Johnson,  H.  H. ,  "Calibrating  the  Electrical  Potential  Method  for  Studying 
Slow  Crack  Growth,"  Materials  Research  and  Standards,  9  (1965),  442-445. 

Clark,  G.  and  J.  F.  Knott,  "Measurement  of  Fatigue  Cracks  in  Notched 
Specimens  by  Means  of  Theoretical  Electrical  Potential  Calculations," 
Journal  of  Mechanics  and  Physics  of  Solids ,  23  (1975),  265-276. 


Halliday,  M.  D.  and  C.  J.  Beevers,  "The  D.  C.  Electrical  Potential  Method 
for  Crack  Length  Measurement,"  in  The  Measurement  of  Crack  Length  and 
Shape  During  Fracture  and  Fatigue,  C.  J.  Beevers,  editor,  Chameleon 
Press,  Ltd.,  London,  United  Kingdom. 


Ri tch i e , 
Potent ia  1 
Methods . " 


R.  0.  and  K.  J.  Bathe,  "On  the 
Technique  for  Monitoring  Crack 
International  Journal  of  Fracture 


Calibration  of  the  Electrical 
Growth  Using  Finite  Element 


14.  Aronson,  G.  H.  and  R.  0.  Ritchie,  "Optimization  of  the  Electrical 

Potential  Technique  for  Crack  Growth  Monitoring  in  Compact  Test  Pieces 
Using  Finite  Element  Analysis,"  Journal  of  Testing  and  Evaluation,  7 
(1979)  ,  208-215 .  .  . 

15.  Orazem,  Mark  E.,  "Calculation  of  the  Electrical  Resistance  of  a  Compact 
Tension  Specimen  for  Crack-Propagation  Measurements,"  Journal  of  the 
Electrochemical  Society,  132  (1985),  2071-2076. 

16.  Kasper,  Charles,  "The  Theory  of  the  Potential  and  the  Technical  Practice 
of  Electrodeposition,"  Transactions  of  the  Electrochemical  Society,  7 7 
(1940),  353-384;  78  (1940),  131-160;  82  (1942),  153-184. 

17.  Newman,  John,  "Resistance  for  Flow  of  Current  to  a  Disk,"  Journal  of  the 
Electrochemical  Society,  113  (1966),  501-502. 

18.  Miksis,  J.  J.,  Jr.,  and  J.  Newman,  "Primary  Resistance  for  Ring-Disk 

Electrodes,"  Journal  of  the  Electrochemical  Society,  123  (1976), 

1030-1036. 

19.  Pierini,  P.,  and  J.  Newman,  "Potential  Distribution  for  Disk  Electrodes 
in  Axisymmetric  Cylindrical  Cells,"  Journal  of  the  Electrochemical 
Society,  'l26  (1979)  ,  1348-1353. 

20.  Fleck,  R.  N.,  Numerical  Evaluation  of  Current  Distribution  in  Electro¬ 
chemical  Systems,  M.  S.  Thesis,  University  of  California,  Berkeley, 
September  1964  (UCRL- 1 16 12 ) . 

21.  Churchill,  R.  V.,  Complex  Variables  and  Applications,  second  edition, 
McGraw-Hill  Book  Company,  New  York,  19o0. 

22.  Copson,  E.  T. ,  An  Introduction  to  the  Theory  of  Functions  of  a  Complex 
Variable ,  Oxford  University  Press,  London,  1935. 

23.  Bowman,  F.,  Introduction  to  Elliptic  Functions  with  Applications,  John 
Wiley  and  Sons,  New  York,  1953. 

24.  Hine,  F.,  S.  Yoshizawa,  and  S.  Okada,  "Effect  of  the  Walls  of 
Electrolytic  Cells  on  Current  Distribution,"  Journal  of  the  Electro¬ 
chemical  Society,  103  (.1956),  186-193. 

25.  Wagner,  C.,  "Calculation  of  the  Current  Distribution  at  Electrodes 
Involving  Slots,"  Plat ing ,  48  (1961),  997-1002. 

26.  Newman,  J.,  "The  Fundamental  Principles  of  Current  Distribution  in 

Electrochemical  Cells,"  in  F.  1  ect  roan  a  1  y  t  ica  1  Chemist  ry  ,  (A.  J.  Bard, 

editor),  6  (1973),  187-352. 

27.  Orazem,  M.  E.  and  J.  Newman,  "Primary  Current  Distribution  and  Resistance 

of  a  S 1 ot ted -E 1 ect rode  Cell,"  JournaJ _ of  the  Electrochemical  Society,  1 3  1 

(  '  9(34  )  ,  285  7  -  2(86  1  . 


25 


l 


•Zsyys 


Si 


TASK  II.  FATIGUE  CRACK  GROWTH  AND  FRACTURE  TOUGHNESS 
BEHAVIOR  OF  AN  Al-Li-Cu  ALLOY 

K.  V.  Jata  and  E.  A.  Starke,  Jr. 

Slip  behavior,  fracture  toughness  and  fatigue  thresholds  of  a  high  purity 
Al-Li-Cu  alloy  with  Zr  as  a  dispersoid  forming  element  have  been  studied  as  a 
function  of  aging  time.  The  fracture  toughness  variation  with  aging  time,  has 
been  related  to  the  changes  in  slip  planarity,  i.e.  slip  band  spacing  and 
width.  Although  the  current  alloy  exhibits  planar  slip  for  all  aging 
conditions  examined,  the  crack  initiation  toughness,  K  ,  compares  favorably 
with  those  of  2xxx  and  7xxx  aluminum  alloys.  Near  threshold  fatigue  crack 
growth  results  in  air  and  vacuum  suggest  that,  irregularities  in  the  crack 
profile  and  the  fracture  surfaces  and  slip  reversibility  are  some  of  the  major 
contributing  factors  to  the  crack  growth  resistance  of  this  alloy. 

Int  roduct ion 

Aircraft  designers  are  constantly  striving  to  achieve  minimum  weight  in 
order  to  cut  fuel  consumption  and  improve  overall  performance.  Reducing  the 
density  of  structural  materials  has  been  shown  to  be  the  most  efficient 
solution  to  this  problem  (.  1 )  .  Since  aluminum  alloys  make  up  between  seventy 
and  eighty  percent  of  the  current  aircraft  weight,  recent  alloy  development 
programs  have  focused  on  reducing  the  density  of  these  materials  (2).  Lithium 
additions  to  aluminum  provide  the  greatest  reduction  in  density  of  any 
alloying  element  and  offer  the  additional  advantage  of  increasing  the  elastic 
modulus.  However,  Al-Li-X  alloys  often  exhibit  low  ductility  and  fracture 
toughness . 

Various  modifications  in  alloy  chemistry  and  fabricating  techniques  have 
been  used  in  an  attempt  to  improve  the  ductility  while  maintaining  a  high 
strength.  Clipper,  Mg  and  Mr  solute  additions  have  been  shown  to  have  belief  i- 
■  ill  effects  (.">)•  Magnesium  and  Cu  improve  the  strength  of  Al-Li  allovs 


£  <• 


X  v 
‘  * 


I? 

*V  . 

Mi 

V, 

■'*: 

\V  '  • 


V 

%  .■  %  . 


>: 

>h  '■ 


X  X 


v: 

v. 

>,  v 

I  " 

W  - 


■c-: 


through  solid  solution  and  precipitate  strengthening,  and  can  minimize  the 
formation  of  precipitate  free  zones  (PFZ)  near  grain  boundaries.  Zirconium, 
which  forms  the  cubic  Al^Zr  coherent  dispersoid,  stabilizes  the  subgrain 
structure  and  suppresses  recrystallization. 

The  goals  of  most  Al-Li-X  alloy  development  programs  include  improvements 
in  density  and  modulus  with  equivalent  or  improved  damage  tolerance  and 
corrosion  properties  compared  with  currently  used  materials,  e.g.  7075  and 
2024  (4).  Although  there  have  been  numerous  reports  on  the  relationship 
between  composition,  microstructure  and  monotonic  properties  of  Al-Li-X  alloys 
(5 , 6 )  ,  there  have  been  few  studies  on  the  cyclic  properties  and  fracture 
toughness  of  these  materials.  This  paper  describes  the  fatigue  crack  propa¬ 
gation  and  fracture  toughness  of  a  new  alloy  based  on  the  Al-Li-Cu  system 
which  is  somewhat  related  to  the  Al-Li-Cu  alloy  2020  that  was  commercially 
available  in  the  1960's. 

Experimental  Procedures 

The  actual  chemical  composition  of  the  Al-Li-Cu  alloy  used  for  the 
present  investigations  is  shown  in  Table  1.  It  is  similar  in  composition  to 
the  Al-Li-Cu  alloy,  M2,  recently  studied  by  Feng  et  al.(7),  except  for 
slightly  lower  Cu  and  Cd  and  slightly  higher  Li  contents.  In  addition  to  the 
above,  low  levels  of  Fe  and  Si  were  maintained  to  minimize  the  amount  of 
constituent  phases.  Zirconium  was  added  as  the  dispersoid  forming  element. 

The  material  was  obtained  from  Reynolds  Metals  Company  in  the  form  of 
27.7  mm  thick  plates.  The  original  cast  ingots  were  homogenized  in  an  argon 
atmosphere  as  foil ows :  ( i )  Heated  at  523  K/liour  to  o73  K,  held  48  hours,  fii) 
heated  at  29,3  K  hour  to  7o3  K,  held  18  hours,  (  iii)  heated  at  298  K/liour  to 
■  88  K  held  tor  30  minutes  and  fan  cooled.  The  ingots  were  scalped  on  the 
surface  to  69.8  mm  thick  and  then  cleaned.  The  hot  rolling  was  performed  in 
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three  steps,  preheated  to  733  K,  held  for  one  hour,  hot  rolled  from  b9 . S  mm  to 


57.1  mm,  reheated  to  733  K,  hot  rolled  to  44.5  mm,  reheated  to  671  K  and  hot 
rolled  to  a  final  thickness  to  27.7  mm. 

The  alloy  was  solut  ionized  in  a  salt  bath  at  78  K  for  30  minutes, 
quenched  in  ice  water,  stretched  2  percent  and  aged  in  an  oil  bath  at  433  K 
for  different  periods  of  time.  Table  2.  Fracture  toughness  was  measured  on  11 
mm  thick  compact  tension  samples  in  the  L-T  orientation  and  a  conditional  K 

lc 

value  for  fracture  toughness  was  obtained  from  the  load-crack  opening  dis¬ 
placement  plots  by  choosing  the  5  percent  secant  offset  line.  Of  all  the 
samples  tested  only  the  two  underaged  samples  did  not  meet  the  ASTN  thickness 
criterion  b  >  2.5  (K^/o  .s)"~  •  A  thickness  of  54  mm  would  have,  been  required 
for  the  underaged  samples  for  a  valid  Kj  test. 

Crack  propagation  tests  were  conducted  on  compact  tension  specimens  in 
laboratory  air  (R.H.  ~  45  percent)  and  a  vacuum  of  10  3  torr  at  295  K  using  a 
R  ratio  of  0.1  and  a  frequency  of  30  Hz.  The  crack  propagated  in  the  long 
transverse  direction  on  a  plane  normal  to  the  rolling  direction.  Crack  growth 
was  monitored  with  a  travelling  microscope  and  load  versus  crack  opening 
displacement  curves  were  generated  by  the  elastic  compliance  techniques.  Near 
threshold  crack  growth  rates  were  obtained  by  the  load-shedding  scheme.  At 
every  load  level  the  crack  was  allowed  to  propagate  the  distance  equal  to  at 
least  three  times  the  cyclic  plastic  zone  size  and  then  the  load  was  decreased 
by  less  than  three  percent. 

The  microstructures  were  examined  by  optical,  scanning  and  transmission 
electron  microscopy.  Thin  foils  for  transmission  work  were  obtained  with  a 
dual  jet  Fenupol  apparatus  by  using  fifty  percent  nitric  acid-methanol  mixture 
at  2a3  K  and  a  potential  difference  of  15  volts.  Fracture  surfaces  were 


examined  with  a  scanning  electron  microscope. 


Results  and  Discussion 


A.  Microstructure  and  Tensile  Properties 

Optical  metallography  revealed  a  predominately  unrecrysta 1 1 ized  grain 
structure.  However,  some  recrystallization  occurred  during  solution  treatment 
as  shown  in  the  micrograph  of  the  L-S  section,  Figure  la.  A  high  degree  of 
recrystallization  has  been  shown  to  be  undesirable  in  Al-Li-X  alloys  since 
secondary  crack  paths  are  invariably  associated  with  recrystallized  grains 
(8).  Thus  from  a  ductility  point  of  view,  it  is  advantageous  to  select  a  low 
solut ionization  temperature  in  order  to  suppress  recrystallization  (8). 
However,  if  the  temperature  is  too  low,  some  strength  is  lost  due  to 
incomplete  solutionizing  prior  to  aging.  In  the  present  work  a  solution 
treatment  temperature  of  788  K  was  found  to  be  an  optimum  temperature  to 
achieve  the  desired  strength  level,  while  minimizing  the  degree  of 
recrystallization.  No  coarse  precipitate,  which  would  be  associated  with  an 
incomplete  solution  heat  treatment  were  observed.  Figure  la. 

A  detailed  TEM  examination  was  performed  to  study  the  rr  •' crostrtcture  of 
the  alloy.  Bright  field  images  revealed  the  subgrains  in  the  unrecrystal  1 ized 
structure  to  be  approximately  5  microns  in  diameter,  Figure  lb.  Precipitate 
characterization  was  performed  using  an  exact  [100]  zone  to  detect  Al^Li  and 
Al0Cu  precipitates,  and  an  exact  [110]  zone  to  detect  Al^CuLi  precipitates 
(9,10,11).  The  A1  Li  (6')  could  not  be  imaged  as  individual  precipitates  in 
any  aging  condition  using  the  Al^Li-Al^Zr  superlattice  spot  shown  in  Figure 
2a.  However,  the  "donut”  contrast  of  the  spherical  precipitates  shown  in 
Figure  2b  may  indicate  a  ternary  Al-Zr-I.i  phase  (12).  Since  it  was  impossible 
to  isolate  the  A  1 „ L i - A  1 ^Zr  super  1 att ice  spots  from  the  streaking  associated 
with  the  O'  (Al^Cu)  phase.  O'  is  also  observed  in  Figure  2b.  The  O’ 
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precipitates  appeared  as  plates  in  two  orthogonal  directions  and  as  a  plate 
with  a  line  of  no-contrast  as  the  third  variant,  Figure  2b,  consistent  with 
previous  observations  (13). 

Many  of  the  0'  precipita1  -s  in  one  of  the  variants  appear  to  be  more 
eliptical  than  normally  observed  in  Al-Cu  binary  alloys  (14).  This  may  indi¬ 
cate  that  Al^Li  has  nucleated  on  one  of  the  three  variants  of  the  Al^Cu 
precipitates.  It  may  also  be  due  to  the  incorporation  of  some  Li  in  the  0" 
phase.  Silcock  (15)  has  theorized  that  Al,  _Cu,Li  (T  )  forms  continuous lv 
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from  O'  by  the  replacement  of  Al  atoms  by  Li,  and  Noble  et  al.  (16)  have  shown 
that  Li  may  cluster  with  Cu  to  form  plate-shaped  zones  having  a  (100)  habit 
plane  similar  to  0'.  Nobel  and  Thompson  (10)  also  observed  that  6' 
coprecipitated  with  0'  and  Al,,CuLi  (T^)  in  an  Al -3 . 5Cu- 1 .  5Li  alloy  during  the 
aging  at  150  C.  No  T^  precipitates  were  observed  for  cither  the  UA1  or  l'A2 
conditions,  but  both  0'  and  T^  were  present  in  the  PA  condition,  Figure  2c  in 
our  study. 

During  artificial  aging  O'  coarsens  and  transforms  to  the  equilibrium  0 
phase  which  is  incoherent  with  the  matrix.  The  formation  of  the  0  phase  is 
normally  accompanied  by  softening  in  Al-Cu  binary  alloys.  However,  for  all  of 
the  aging  conditions  used  in  this  study  streaks  associated  with  0'  were 
present  and  no  0  diffraction  spots  were  observed  in  the  electron  diffraction 
patterns.  Streaks  associated  with  Q'  were  still  present  even  after  40  hrs  at 
loO  C,  Figure  3a,  and  DF  electron  micrographs  using  these  streaks  revealed  the 
fine,  coherent  0'  precipitates.  Figure  3b.  This  result  is  consistent  with  the 
results  of  Noble  and  Thompson  (101  who  showed  that  streaks  associated  with  0' 
were  still  present  in  an  alloy  o(  similar  composition  even  alter  aging  for  one 
week  at  1  '> 0  C.  After  aging  tor  -*0  hrs  at  loO  (1,  diffract  ion  patterns  from  the 
[110]  zone  contained  streiks  associated  with  T  ,  Figure  3(1 ,  and  DF  electron 


micrographs  using  these  streaks  revealed  thin  coherent  precipitates.  Figure 
3d.  The  coherency  of  was  verified  by  the  absence  of  misfit  dislocations 
using  bright  field  images  employing  different  g  vectors  in  two-beam  condi¬ 
tions,  Figure  4.  Our  analysis,  along  with  the  results  of  others  (9-11,14,17) 
suggest  that  both  0'  and  T  remain  coherent  across  their  habit  planes  for  all 
of  the  aging  treatments  used  in  this  study. 

The  tensile,  properties  obtained  at  various  aging  times  are  listed  in 
Table  2.  The  peak  strength  was  found  to  be  lower  than  that  of  the  M2-T651 
alloy  investigated  by  Feng  et  al.  (7).  This  is  attributed  to  the  lower  Cu 
content  in  the  present  alloy  and  thus  a  lower  volume  fraction  of  the  major 
strengthening  precipitates,  0'  and  T^ .  The  slip  behavior  was  studied  by  TEM 
analysis  of  thin  foils  obtained  from  regions  adjacent  to  the  fracture  surface 
of  the  tensile  samples.  Slip  bands  in  {110}  type  slip  pianos  were  chosen  and 
the  imaging  of  the  bands  was  performed  using  a  g  =  220  or  220.  Four  to  five 
different  grains  were  chosen  in  each  aging  condition  and  average  values  of  the 
slip  band  width  and  spacing  was  obtained.  Representative  micrographs  of  the 
slip  character  obtained  with  a  [110]  zone  axis  show  planar  slip  behavior 
observed  for  all  the  aging  conditions  employed.  Figure  5  (a-d) .  In  the 
as-quenched  condition  only  a  few  planar  slip  bands  were  observed  at  near 
fracture  strain  and  only  in  certain  grains  as  most  of  the  deformation  was 
homogeneously  distributed.  These  slip  bands  may  be  associated  with  some 
Al„Li(6')  (although  not  observed)  or  short-range  order  (18,19)  being  present 
in  the  as-quenched  condition.  It  is  observed  that  with  progressive  aging  the 
fine  relatively  homogeneous  slip  changes  to  well  defined  intense  slip  bands  in 
the  peakaged  condition.  These  bands  become  more  prominent,  the  separation 


between  them  increases,  and  their  width  decreases  as  aging  progi 


as  shown 


in  Figures  n  and  7.  It  should  be  noted  that  the  volume  fraction  of  T 
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increase  with  aging  up  to  the  peakaged  condition.  The  slip  bands  still 
persist  in  the  slightly  overaged  condition.  Figure  5d,  due  to  the  presence  of 
semicoherent  precipitates.  However,  they  are  more  diffused  when  compared  to 
the  peakaged  condition  suggesting  a  slight  reversal  to  relatively  homogeneous 
slip.  The  slip  bands  are  most  often  continuous  across  the  subgrains. 

The  changes  in  the  monotonic  properties  and  slip  behavior  with  aging  show 
that  the  increase  in  yield  strength  is  accompanied  by  increasing  amounts  of 
strain  localization  in  the  slip  bands  and  a  concomitant  decrease  in  the  strain 
hardening  exponent  and  ductility  level.  The  formation  of  sharp  slip  bands  is 
a  consequence  of  dislocations  shearing  the  precipitates.  When  shearing  occurs 
the  strengthening  effect  of  the  precipitates  is  reduced,  the  slip  plane 
weakens,  and  slip  occurs  preferentially  on  these  planes  (20-22). 
This  results  in  an  inhomogeneous  slip  distribution  which  almost  always  leads 
to  a  considerable  loss  in  ductility  and  macroscopically  brittle  fracture  as 
particle  hardening  is  increased  (23-26).  The  tendency  for  inhomogeneous  slip 
increases  drastically  with  aging  time  until  the  deformation  mode  changes  from 
dislocation  shearing  to  dislocation  looping,  at  which  time  the  homogeneity  of 
deformation  increases.  This  is  easily  understood  when  considering  the 
strengthening  associated  with  shearable  particles. 

Using,  as  an  example,  the  model  developed  by  Gleiter  and  Hornbogen 
(20,21)  for  misfit-free,  ordered  particles  (such  as  Al^Li)  the  increase  in  the 
critical  resolved  shear  stress,  At^,  associated  with  the  strengthening 
precipitates  is  given  by: 


At  = 
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where  If  is  the  antiphase  boundary  energy,  G  is  the  shear  modulus,  b  the 


Burgers  vector,  f  the  volume  fraction  of  precipitates,  and  r  their  radius.  We 


note  that  the  strength  increases  with  both  particle  size  and  volume  fraction. 
Although  the  particular  strengthening  mechanism,  i.e.  coherency  hardening, 
surface  hardening,  chemical  or  order  hardening,  stacking  fault  hardening,  and 
modulus  hardening,  may  vary  among  different  alloy  systems,  the  strengthening 
associated  with  shearable  particles  always  incre  ises  with  both  volume  fraction 
and  particle  size.  (27)  similar  to  the  expression  developed  by  Gleiter  and 
Hornbogen.  Consequently  the  degree  of  work  softening  possible  during 
deformation  ami  thus  the  tendency  towards  localized  slip  is  proportional  to 

i  i 

the  magnitude  of  r~f'  ii'>,24i.  If  one  examines  the  local  change  in  critical 
resolved  shear  stress  per  number  of  passing  dislocations,  one  observes  that 
the  rate  of  change  increases  as  the  volume  fraction  increases  and  the  particle 
size  decreases  (2SK  However,  for  very  small  particles  the  absolute  change  in 
shear  stress  is  small  so  the  degree  of  strain  localization  is  also  small. 

When  the  yield  strength  is  exceeded  in  an  age  hardened  alloy  local 
softening,  equal  in  magnitude  to  that  associated  with  the  hardening  of  the 
shearable  precipitates,  occurs  since  the  particles  are  destroyed  by  the  slip 
dislocations.  The  dislocations  form  intense  slip  bands  which  impinge  upon 
the  grain  boundaries.  The  slip  bands  are  usually  not  confined  to  a  single 
slip  plane  but  cover  a  small  volume  in  which  the  spacing  of  the  individual 
active  slip  planes  may  be  of  the  order  of  the  atomic  spacing  (24).  When  the 
local  work  softening  within  the  slip  band  is  complete,  the  slip  band 
st ra in-hardens  internally  until  the  stress  of  the  surrounding  aged  matrix  is 
reached  (  2e )  or  fracture  occurs.  Con: oquont lv ,  in  microstructures  with 
different  degrees  of  age  hardening  the  slip  bands  contain  different  numbers  of 
dislocations,  with  the  local  dislocation  density  increasing  with  increasing 
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degree  of  age  hardening,  i.e.  with  f'r" . 
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The  lower  degree  of  strain  localization  associated  with  the  underaged 
conditions  results  in  a  larger  capacity  for  strain  accumulation.  This  is 
reflected  both  by  the  high  strain  hardening  exponents  and  strains  to  fracture. 
With  aging  the  strain  hardening  exponent  decreases,  reaching  a  minimum  in  the 
peakaged  condition,  due  to  increased  work  softening  in  the  slip  bands  (27). 
Since  the  majority  of  the  deformation  is  localized,  the  net  effect  is  a  lower 
ductility  level.  Beyond  the  peakaged  condition  one  would  expect  slip  to 
become  more  homogeneous  since  overaging  is  normally  accompanied  by  a  change  in 
deformation  mechanism  from  dislocations  shearing  particles  to  dislocations 
looping  and  bypassing  particles.  In  actuality  for  most  aluminum  alloys  this 
transition  in  deformatio:  lode  normally  begins  before  the  peak  strength  is 
reached  as  some  of  the  larger  strengthening  precipitates  become  incoherent  and 
cannot  be  sheared.  Consequently,  for  most  age.  hardening  aluminum  alloys  the 
highest  degree  of  strain  localization  is  observed  for  a  slightly  underaged 
condition.  However,  O'  and  T^  phases  were  observed  to  maintain  their 
coherency  in  the  peakaged  condition  for  the  thermal  treatments  used  in  this 
study  and  the  transition  in  deformation  mode  only  occurs  after  overaging.  An 
increase  in  strain  hardening  exponent  should  accompany  this  change  in 
deformation  mode,  and  this  was  observed  in  the  present  study.  However,  an 
increase  in  stra in-to- f racture  is  not  observed  in  OA-2  and  OA-3,  Table  2, 
because  the  equilibrium  precipitates  that  form  at  grain  boundaries  during 
ove  raging  ,  and  the  associated  prec  i  p  i  t  ate  -  f  ree-zonos  ,  aid  the  void  nucleat  ion 
and  coalesence.  Transmission  electron  micrographs  of  OA-2,  Figure.  5d,  showed 
that  planar  • .  1  ip  persisted  in  the  overaged  condition,  although  the  deformation 
was  r.:ore  iiomcigoiieous  than  that  observed  for  the  I’A  condition.  This  is  not 
surprising  ;  .•>  both  0  and  T  were  observed  to  maintain  coherent  interfaces 
wit!,  tin'  :ti  1 1  r  i  across  the  i  r  habit,  planes,  for  all  aging  conditions  studied. 
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and  may  continue  to  be  sheared  even  though  the  drop  in  yield  strength  for 
OA-1,2,  and  3  indicated  that  some  particles  should  be  bypassed  by 
dislocations.  An  alternative  explanation  for  the  drop  in  yield  strength  is 
that  there  is  a  decrease  in  the  volume  fraction  of  strengthening  precipitates 
associated  with  the  precipitation  of  the  equilibrium  phases  at  grain 
boundaries  in  the  late  stages  of  aging.  The  shearing  of  was  observed  in  DF 
TEM's  of  an  OA-2  tensile  sample  that  had  been  give  2°0  plastic  strain.  Figure 
8a.  An  example  of  dislocation  bypassing  in  this  microstructure  is  also  shown 
in  Figure  Sb. 

The  effect  of  slip  localization  on  the  tensile  fracture  can  be  observed 
in  the  f ractographs ,  Figure  9  for  an  underaged  and  overaged  alloy.  In  both 
cases  transgranular  shear  fracture  is  observed  along  with  some  voids  associ¬ 
ated  with  precipitate  particles  and/or  slip  band  intersections.  There  was 
little  evidence  of  intersubgranular  fracture  although  secondary  cracking  was 
observed  along  the  high  angle  grain  boundaries  of  the  overaged  sample,  Figure 
9b.  This  intense  secondary  cracking  may  be  associated  with  the  small  recrys¬ 
tallized  grains  observed  in  Figure  la,  but  is  most  likely  due  to  the  presence 
of  coarse  equilibrium  precipitates  at  the  high  angle  grain  boundaries  and  the 
presence  of  a  PFZ  adjacent  to  the  boundary.  The  decrease  in  ductility  with 
aging  seems  to  be  simply  due  to  the  extensive  shear  localization  and  accompa¬ 
nying  slip  band  softening  up  to  the  peakagod  condition.  Beyond  the  peakaged 
condition  larger  equilibrium  precipitates  on  the  grain  boundaries  give  rise  to 
intergranular  cracking  which  further  reduces  the  ductility. 

B.  Near  Threshold  Fatigue  Crack  Propagation 

The  results  obtained  from  the  fatigue  crack  growth  tests  in  air  (R.H.  45 
percent)  and  in  vacuum  ('10  }  torr )  are  shown  in  Figures  10(a)  and  (b)  as 
plots  of  crack  propagation  rates  da/dN  versus  the  stress  intensity  factor 
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range  AK .  The  near  threshold  fatigue  crack  growth  rates  increased  and  the 
threshold  stress  intensities  (Table  3)  decreased  with  aging  in  both  air  and 
vacuum.  Furthermore,  there  is  an  enhancement  of  the  fatigue  crack  growth 
resistance  in  vacuum  for  similar  aging  conditions.  The  crack  closure  data 

obtained  from  the  compliance  versus  load  curves  has  been  expressed  (29)  in  the 

,  .  ...Cl  ..Cl  ..min 

form  of  the  closure  stress  intensity  factor  Ak  ,  =  k  ,  -  k  ,  ,  and  the 

}  th  th  th 

r  r  .  \  .  .  f  ,  1  ..obs  ...Cl  , 

intrinsic  or  effective)  stress  intensity  factor  Ak  ,  =  Ak  ,  -  Ak  ,  ,  as  shown 

1  th  th  th’ 

in  Table  3.  These  values  indicate  that  the  intrinsic  fatigue  crack  growth 
thresholds  follow  the  same  trend  as  the  apparent  or  observed  values,  for  the 
aging  conditions  tested  here. 

Figure  11  show's  the  crack  paths  for  the  alloy  tested  in  air  in  the  under 
and  overaged  conditions.  The  observed  deflections  appear  to  be  due  to  the 
crack  propagating  along  the  slip  bands.  It  is  not  surprising  that  extensive 
crack  deflections  also  occurred  in  the  overaged  alloy  since  slip  planarity  is 
maintained  and  intense  slip  bands  are  available  for  crack  propagation  paths. 
Suresh  and  Vasudevan  have  also  observed  (30)  equal  degrees  of  crack 
deflections  in  under  and  overaged  conditions  in  low  Li  containing  alloys. 

The  fracture  surface  features  shown  in  Figure  12,  reveal  that  the  mode  of 
crack  growth  is  highly  crystallographic  in  the  low  crack  growth  rate  region. 
Extensive  faceting  was  observed  in  vacuum  and  the  fracture  surfaces  were 
considerably  rougher  than  those  observed  on  the  samples  tested  in  air.  The 
lower  crack  path  tortuosity  in  air  as  compared  to  that  in  vacuum  could  be  due 
to  the  aggressive  air  environment  reducing  the  amount  of  irreversible  plasti¬ 
city  needed  for  the  crack  to  propagate  (31).  There  is  the  possibility  for 
oxide  formation  which  might  be  expected  to  enhance  closure  and  thus  giving  an 
apparent  higher  threshold.  However,  Vasudevan  ei.nl.  (32)  showed  by  SIMS 
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that  the  thickness  of  the  oxide  for  a  similar  alloy  2020  is  considerably 
smaller  than  the  crack  opening  displacement,  suggesting  that  the  oxide 
contribution,  if  any,  would  be  negligible. 

Figure  13  compares  the  results  obtained  for  the  Al-Cu-Li  alloy  with  those 
of  a  thermomechanical ly  processed  7475  (33).  The  fatigue  crack  growth  rates 
and  thresholds  of  the  Al-Cu-Li  alloy  are  better  than  those  of  the  SO  pm  grain 
size  7475.  Several  investigators  have  proposed  that  the  fatigue  crack  growth 
rates  decrease  with  increasing  modulus  (34),  thus  indirectly  predicting  that 
Li-containing  A1  alloys  would  have  improved  FCP  resistance.  Therefore,  a  more 
realistic  comparison  of  the  two  materials  may  be  obtained  by  normalizing  the 
stress  intensity  range  with  Youngs'  modulus  since  the  yield  stresses  are 
approximately  the  same.  As  shown  in  the  normalized  curves  of  Figure  13(b), 
the  fatigue  growth  rate  curves  remain  below  the  7475  alloy  suggesting  that  the 
improvement  is  not  due  to  the  modulus  effect  alone.  In  a  similar  comparison, 
Vasudevan  et  al.  (32)  came  to  the  conclusion  that  the  crack  deflections  in  the 
2020  alloy  were  a  major  cause  for  improved  crack  growth  resistance  over  that 
of  a  7075  alloy.  A  comparison  of  the  crack  deflections  observed  in  7475  (33) 
with  those  observed  here  also  show  that  this  mechanism  may  account  for  the 
improved  crack  growth  resistance  observed,  although  differences  in  slip 
reversibility  may  also  be  a  contributing  factor. 

In  the  present  alloy  the  crack  propagation  rates  are  higher  in  the  over¬ 
aged  condition  as  compared  to  the  peak  and  underaged  conditions.  These  obser¬ 
vations  are  consistent  with  earlier  observations  made  by  other  investigators 
in  age  hardened  systems  (33,35,361.  In  these  alloys,  the  dislocations  shear 
the  coherent  precipi  tato.s  and  thus  promote  inhomogeneous  slip  in  the  under  and 
peakaged  conditions.  In  the  overaged  alloys,  the  coherency  between  the 
precipitates  and  matrix  is  reduced  (although  not  lost)  resulting  in  less 


heterogeneous  slip  as  discussed  before.  The  dislocations  emitted  from  the 
crack  tip  move  forward  on  the  slip  plane  in  the  rising  half  of  the  fatigue 
cycle.  In  the  under  and  peakaged  conditions  the  fraction  of  the  dislocations 
that  move  back  is  larger  compared  to  the  overaged  condition  since  the 
particles  are  more  easily  cut  in  the  former  case  and  large  numbers  of 
dislocations  are  not  required  to  destroy  the  strengthening  effect  of  the 
particles.  In  other  words,  the  slip  reversibility  would  be  higher  in  the 
under  and  peakaged  alloy  and  the  plastic  strain  accumulation  would  be  lower 
for  a  given  number  of  cycles.  For  the  overaged  alloys,  the  slip  reversibility 
is  reduced  because  of  the  larger  precipitates  and  because  the  precipitate 
bypass  mechanism  is  also  active.  This  leads  to  a  higher  accumulation  of 
plastic  strain  in  the  OA  alloys  for  the  same  number  of  cycles  and  implies  that 
for  a  given  AK  an  overaged  material  would  exhibit  faster  crack  growth  rates 
compared  with  lower  aging  conditions.  A  simular  argument  can  be  presented  for 
the  peakaged  alloy  when  compared  to  the  underaged,  i.e.  the  strengthening 
precipitates  are  larger,  they  require  a  larger  number  of  dislocations  to 
destroy  their  strengthening  effect,  so  slip  reversibility  is  less  than  for  the 
underaged  alloy;  especially  at  low  stress  intensities. 

Slip  reversibility  differences  appear  to  be  the  only  logical  exploration 
for  observed  difference  in  fatigue  crack  growth  rates  between  the  underaged 
and  peakaged  conditions.  The  trend  of  the  fatigue  crack  growth  rates  in 
vacuum  --  where  environmental  effects  are  minimum  --  are  similar  to  that  in 
air  suggesting  that  environmental  degradation  of  crack  growth  resistance 
(38,39)  in  maximum  slip  planarity  conditions  is  not  the  cause  of  the  observed 
difference  between  the  three  aging  conditions.  However,  a  number  of 


significant  points  should  be  noted  about  the  vacuum  data:  (i)  closure  levels 
as  compared  to  air  decreased,  (ii)  crack  path  tortuosity  and  hence  crack 


deflections  increased  as  compared  to  that  in  air  (iii)  fracture  surface 
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roughness  increased.  However  no  significant  differences  of  these  factors 

exist  between  the  different  aging  conditions.  As  mentioned  before  the  role  of 

oxide  even  in  air  is  minimal  and  therefore  the  reduction  in  closure  due  to 

oxide  asperities  in  vacuum  need  not  be  considered.  The  other  possibility 

could  be  due  to  fracture  surface  roughness.  The  results  show  that  the 

fracture  surface  roughness  increases  considerably  in  vacuum  with  a  concomitant 

decrease  in  crack  closure.  This  suggests  that  the  mode  II  displacements  (.AO) 

produced  due  to  crack  path  tortuosity  in  vacuum  are  reduced,  or  more 

reversible,  giving  rise  to  lower  closure  levels.  For  the  7475  alloy  tested  in 

vacuum.  Carter  et  al.  (33)  showed  that  in  spite  of  a  major  difference  in  the 

crack  deflections  and  crack  path  tortuosity  between  the  aging  conditions  and 

in  different  environments,  the  contribution  from  the  geometrical  effect  of 

crack  deflections  (37)  could  only  partially  account  for  the  differences  in 

crack  growth  resistance.  They  suggested,  as  had  others  (33,35,36)  that  the 

extent  of  slip  reversibility  plays  an  important  role  in  the  fatigue  crack 

growth  rates  of  planar  slip  materials.  In  a  vacuum  environment,  the  slip 

reversibility  increases  due  to  the  leak  of  a  significant  surface  oxide.  Thus 

although  fractography  of  vacuum  tested  samples  indicates  extensive  faceting  it 

C 1 

does  not  result  in  an  increase  of  AK  ,  .  The  effects  of  mode  II  displacements 

th 

behind  the  crack  tip  appears  to  be  reduced  in  vacuum  due  to  improved  slip 

C 1 

reversibility.  Thus  not  only  the  AK  ,  is  decreased  but  also  the  intrinsic 

th 


crack  growth  resistance  AK 

&  t 

C.  Fracture  Toughness 


increased  in  vacuum. 


One  of  the  major  goals  in  the  development  of  Al-Li  alloys  lias  been  to 
develop  microstructures  capable  of  exhibiting  fracture  toughness  levels 
comparable  to  the  7XXX  series  and  improvements  in  strength,  modulus,  and 
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density  over  the  existing  2XXX  alloys.  Although  several  investigations  have 
addressed  the  ductility  problems  of  these  alloys,  very  few  have  concentrated 
on  the  problem  of  fracture  toughness  (7, 41, -+2).  Previous  investigations 
(3)  on  the  fracture  behavior  of  the  Al-Li-X  alloys  have  shown  that  strain 
localization  curtails  ductility  in  the  peakaged  condition.  Strain 
localization,  in  conjunction  with  large  equilibrium  precipitates  along 
boundaries,  promote  in tergranu lar / intersubgranu lar  fracture  associated  with 
wide  PFZ ' s .  Efforts  to  decrease  the  formation  of  the  PFZ's  have  included 
chemistry  modifications  and  deformation  prior  to  aging.  The  latter  process 
involves  the  introduction  of  dislocations  which  serve  as  sites  for  those 
precipitates  that  have  a  large  coherency  strain  field,  e.g.  0'  and  T  .  Recent 
studies  by  Feng  et  al.  (7)  on  Al-Li-Cu  alloys  have  shown  that  in  the  presence 
of  Cd,  deformation  prior  to  aging  might  not  be  necessary  to  obtain  a  uniform 
and  dense  precipitation  of  the  0'  and  phases.  Another  beneficial  effect  of 
Cd  is  to  slow  down  the  growth  kinetics  of  the  strengthening  precipitates  by- 
segregating  to  the  O' -matrix  interfaces  and  reducing  the  inter  facial  energy 
(43, -44).  However,  excessive  amounts  of  Cd  may  segregate  to  the  grain 
boundaries  and  contribute  to  the  intergranular  fracture  (8). 

Recrystallized  and  partially  recrystallized  structures  may  also  be 
detrimental  to  ductility  when  compared  with  unrecrysta 1 1 ized  structures  due  to 
secondary  crack  paths  along  the  recrystallized  grains  (8).  The  suppression  of 
recrystallization  in  aluminum  alloys  is  normally  attained  by  adding  dispersoid 
forming  elements,  Cr  or  Mn  or  Zr.  Of  those,  Zr  has  been  observed  to  be  the 
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when  compared  with  Cr  and  Mn  dispersoids.  In  the  present  work  we  have 
concentrated  on  the  effect  of  the.  slip  process  on  the  fracture  toughness.  The 
slip  process  is  undoubtedly  controlled  by  the  strengthening  precipitates  but 
eventually  the  slip  dictates  the  fracture  toughness  in  Al-Li-X  alloys  as 
discussed  below. 

The  fracture  toughness  data  collected  ovei  a  wide  range  of  aging  times 

from  compact  tension  specimens,  are  summarized  in  table  2.  The  results  show 

decreasing  fracture  toughness  with  aging,  typical  of  many  other  aluminum 

alloys  such  as  2020  (46).  The  accompanying  change  of  yield  stress  with  aging. 

Figure  14,  shows  that  the  K  decreases  as  the  yield  stress  increases  until 

1  u 

the  peakaged  condition  is  attained  beyond  which  the  strength  toughness 

combination  decreases.  A  comparison  of  the  K  values  of  this  alloy  to  the 

commercial  2020  alloy  containing  Cu,  Li,  Mn ,  and  Cd  (Figure  14)  shows  that  the 

toughness  levels  are  comparable  only  at  the  lower  aging  conditions,  whereas 

for  longer  aging  the  present  alloy  retains  high  toughness.  For  example,  at  a 

x 

strength  level  of  475  MPa,  the  Kj  values  are  35  and  20  MPa-m'  for  the  present 
alloy  and  the  commercial  2020  alloy,  respectively.  In  the  same  Figure, 
values  recently  obtained  for  an  Al-2Li-4Mg  alloy  (46)  and  a  modified  2020 
alloy  (7)  are  also  shown  for  comparison  purposes. 

The  other  mechanical  property  data  shows  that  the  decreasing  fracture 
toughness  is  accompanied  by  a  decrease  in  the  strain  hardening  exponent  and 
strain  to  fracture  suggesting  the  possible  role  of  these  variables  on  the 
fracture  toughness,  as  will  be  discussed  later.  Extensive  fractography  of  the 
fracture  toughness  samples  revealed  t ransgranu lar  slip  band  fracture  and 
secondary  crack mg  along  grain  boundaries,  in  both  under  and  peakaged.  Figure 
15a,  and  ib),  some  very  rare  occurrence  of  l  rans.gr  aim  1  a  r  microvoid 


coalescence,  Figure  15c,  and  ductile  intergranular  failure  in  the  overaged 
microstructurc ,  Figure  15d. 

The  major  transgranular  slip  band  fracture  mechanism  in  the  underaged  to 
peakaged  conditions  was  found  to  occur  over  several  microns  ahead  of  the  crack 
tip.  These  observations  suggest  that  the  slip  bands  emanating  from  the  crack 
tip  have  often  extended  unimpeded  transgranu ' ar ly  across  many  subgrains  and 
possibly  several  grains.  This  is  due  to  the  low  misorientation  between 
subgrains  and  the  sharp  deformation  texture  of  the  plate.  Some  transgranular 
microvoid  coalescence  associated  with  iron  and  silicon  constituents  as  shown 
in  the  micrograph  of  Figure  15c  was  rare  and  did  not  appear  to  control  the 
overall  fracture.  The  major  mechanism  of  fracture  for  the  overaged 
conditions.  Figure  15d,  shows  the  presence  of  small  nrcrovoids  along  grain 
boundaries  suggesting  a  ductile  intergranular  type  of  failure,  associated  with 
a  weakening  of  the  grain  boundaries  in  the  overaged  conditions.  Starke, 
Sanders  and  Palmer  (3)  suggest  that  for  Al-Li  alloys  the  slip  bands  impinging 
on  the  grain  boundaries  transfer  the  strain  to  the  soft  PFZ’s  along  the  grain 
boundaries.  These  regions  deform  with  ease  and  hence  strain  is  localized 
here,  giving  rise  to  a  more  easily  attainable  fracture  route  along  the  grain 
boundaries  . 

Many  investigations  in  the  past  have  shown  that  a  relationship  between 

the  strain  hardening  exponent  obtained  in  uniaxial  tension  tests  and  K,  exist 

lc 

(47,48,49).  Recently,  Garret  and  Knott  (47)  have  shown  that  the  critical 
crack  opening  displacement  at  the  onset  of  crack  extension  is  proportional  to 
the  square  of  the  strain  hardening  exponent  for  a  constant  ductile  fracture 
strain,  thus  suggesting  that  the  K  is  proportional  to  the  strain  hardening 
exponent.  The  dependence  ot  K  on  the  strain  hardening  exponent  for  the 
Ai-Cu-Li  alloy  under  study  is  suggested  by  the  micrographs  of  Figure  lt>,  taken 
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after  unloading  the  compact  tension  samples  at  the  onset  of  crack  extension. 
These  micrographs  illustrate  that,  in  the  underaged  condition  the  plastic  zone 
wings  are  wider  than  in  the  peakaged  condition.  Gerberich  (50)  and  Hahn  and 
Rosenfield  (51)  showed  for  a  number  of  alloy  systems,  including  aluminum 
alloys  that  the  plastic  zone  width,  D,  is  proportional  to  the  square  of  the 
strain  hardening  exponent,  n  given  ns 

D(n)  =0.0013+  2.54  n“  (cm)  (2) 

Due  to  the  dispersion  of  the  plasticity,  the  crack  tip  in  the  underaged 
condition  experiences  a  lower  strain  concentration  than  in  the  peakaged 
condition  for  a  given  load  level.  Thus  the  load  bearing  capacity  in  the 
presence  of  a  notch  is  higher  in  the  underaged  conditions.  If  the  crack 
extension  is  considered  to  occur  after  a  critical  strain  has  accumulated  or 
when  the  strain  hardening  capacity  is  exhausted  then  the  underaged  samples 
would  exhibit  a  higher  fracture  toughness. 

This  qualitative  relationship  between  the  fracture  toughness  and  the 
strain  hardening  exponent  does  not,  however,  offer  an  explanation  at  a 
microscopic  level,  since  the  plastic  zones  in  front  of  the  crack  tip  include 
tne  plasticity  in  intense  slip  bands  as  well  as  the  plasticity  between  the 
bands.  In  order  to  incorporate  microstructura 1  features  and  the  process  zone 
it  might  be  necessary  to  consider  the  extent  of  strain  localization  which  is 
controlled  by  the  character  of  the  strengthening  precipitates. 

Going  from  the  underaged  to  peakaged  condition,  the  fracture  toughness  is 
limited  by  the  slip  band  decohesion  process  without  the  involvement  of  any 
void  growth.  This  process  is  considered  to  occur  when  a  critical  displacement 
or  strain  is  reached  in  some  potential  slip  bands  in  front  oi  the  crack  tip. 
A  similar  criterion  has  been  discussed  in  detail  by  Smith,  Cook  and  Kau  (52) 
for  materials  exhibiting  strain  localization.  The  analysis  here  is  different 
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in  that  the  macroscopic  shear  fracture  is  related  to  the  local  plasticity  in 
the  slip  bands  where  the  degree  of  localized  plasticity  as  observed  increases 
with  degree  of  aging  till  the  peakage  condition  is  reached. 

We  have  approached  this  problem  by  considering  slip  on  planes  inclined  to 
the  crack  plane  at  an  angle  a  (53,54).  In  such  a  situation  the  vertical 
displacements  in  two  symmetric  slip  bands  produced  by  N  dislocations  in  front 
of  the  crack  tip  having  similar  Burgers  vector  b,  would  be  2  (Nb)  Sin  a.  This 
displacement  in  the  front  of  the  crack  tip  would  then  be  accommodated  by  the 
vertical  crack  tip  opening  displacement  6,  leading  to 

6=2  (Nb)  Sin  a  (3) 

The  dislocations  in  front  of  the  crack  tip  may  be  homogeneously  distributed 
throughout  the  plastic  zone  and  some  may  be  concentrated  in  intense  slip  bands 
that  lie  within  the  plastic  zone.  Consequently,  6  may  be  the  sum  of  these 
con  t  r ibut ions 

6  =  2[(N")  b  +  ( N )  b )  Sin  a  (4) 
u  SB 

where  (N)^  b  represents  the  displacement  due  to  homogeneous  slip  and  (N)  b 
represents  the.  displacement  in  the  slip  bands.  The  relative  magnitude  of  each 
contribution  would  be  dependent  on  the  aging  conditions  since  the  tendency  for 
strain  localization  increases  as  aging  progresses  up  to  the  peakaged  condi¬ 
tion.  Only  those  dislocations  in  the  intense  slip  bands  should  be  considered 
to  contribute  to  the  critical  strain  that  is  necessary  for  t ransgr anu 1 ar  slip 
band  fracture.  The  density  of  these  dislocations  may  be  defined  as 


where  U  is  the  slip  band  width  and  L  the  slip  band  length.  Following  Orowan, 


the  shear  strain  in  the  slip  band  may  be  written  as 


The  value  of  -  in  the  peak  aged  condition  from  measurements  of  slip  band 
spacing  and  etched  plastic  zone  width  comes  out  to  be  39.  Measured  values  for 
other  aging  conditions  were  employed  in  the  above  equation.  The  number  of 
active  slip  bands  in  front  of  the  crack  tip  decreases  due  to  higher  strain 
localization  as  aging  increases.  The  critical  strain  for  fracture  was  assumed 
to  be  either  1/3  (plane  strain)  or  1/2  (plane  stress)  of  the  tensile  fracture 
ductility  of  the  as-quenched  specimen,  0.4o.  The  rationale  behind  this,  is 
that  the  loss  in  ductility  and  fracture  toughness  in  aged  specimens  is  due  to 
the  attainment  of  the  same  strain  as  that  of  the  as-quenched  specimen  but  in 
localized  slip  bands.  So,  with  increasing  degree  of  flow  localization  the 
same  strain  is  concentrated  in  lesser  number  of  slip  bands  causing  fracture  to 
be  attained  earlier  than  when  the  slip  is  not  so  localized.  The  factors  1/2 
and  1/3  are  taken  from  Hahn  and  Rosenfield  (51)  which  essentially  account  for 
the  plane  strain  and  plane  stress  ductility  situations  in  notched  specimens. 

The  model  predicts  the  correct  trend  of  the  fracture  toughness  variation 
with  yield  strength,  Figure  17.  Experimental  fracture  toughness  values  of  an 
A 1 -2 . 1  Li -2 . 9Cu -0 . 12Zr  alloy,  obtained  by  Vasudevan  and  Suresh  (42)  are  also 
shown  in  Figure  17.  The  application  of  the  present  model  to  their  fracture 
toughness  data  is  justified  based  on  the  similarity  in  composition  and 
deformation  mode  with  our  alloy.  Calculated  slip  band  spacings  from  Vasudevan 
and  Suresh's  micrographs  for  their  L'A-1,  PA,  and  OA-1  are  3.12,  6.7,  and  3.17 
microns  respectively,  suggesting  increasing  slip  localization  from  underaged 
to  poakaged  and  then  a  return  to  less  localized  slip  in  the  overaged 
condition,  similar  to  the  trend  we  observed.  Figure  6.  The  width  of  their 
slip  bands  could  not  be  measured  with  accuracy  because  of  the  orientation  of 
the  sample  and  the  limited  resolution  of  their  scanning  electron  micrographs. 
As  confirmed  by  our  experimental  observations  and  those  of  Dowling  and  Martin 
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(.58)  and  Evenson  et  al  (.59),  increasing  slip  baiul  spacing  is  accompanied  by 
decreasing  slip  band  widths  in  aluminum  alloys  (coarse  slip  refers  to  small 
slip  band  width).  We  can  therefore  assume  that  the  slip  band  width  would  be  a 
minimum  in  the  peakaged  condition  of  their  alloy  based  on  the  above  findings 
and  also  on  their  observation  that  the  coarsest  slip  was  observed  for  the 
peakaged  condition.  Further  evidence  of  the  similarities  in  the  deformation 
mode  of  the  two  alloys  is  exemplified  by  the  trend  in  yield  stress,  strain 
hardening  exponent  and  fracture  ductility  values,  with  aging  (oO).  Our  model 
is  based  on  deformation  mode  (slip  band  spacing  and  width)  and  since 
similarities  in  the  slip  process  between  two  alloys  exist,  it  is  appropriate 
to  make  a  comparison  of  their  fracture  toughness  values  to  the  predictions  of 
our  model  for  their  underaged  alloys  for  which  crack  extension  occurs  by 
t ransgranu 1 ar  slip  band  fracture.  The  higher  aging  temperature  used  in  their 
study  most  likely  resulted  in  extensive  grain  boundary  precipitation  in  the 
peakaged  condition  ( m) )  This  enhanced  grain  boundary  fracture  and  it  was, 
therefore,  innpnropr l ate  to  compare  their  peakaged  fracture  toughness  value  to 
the  prediction  of  our  model  since  the  model  is  concerned  with  transgranular 
fracture  along  slip  bands.  The  present  analysis  suggests  that  the  fracture 
toughness  decreases  with  increasing  yield  strength  due  to  a  decreasing  slip 
band  width  and  increasing  slip  hand  spacing.  This  is  shown  schematically  in 
Figure  18.  The  predicted  values  are  slightly  lower  at  peakaged  and  higher  in 
the  underaged  microstructures.  Figure  17. 

Several  investigators  (56,57)  have  examined  the  problem  of  ductile 
fracture  strain  under  different  states  of  stress.  Such  oxper intents  are 
currently  underway  to  obtain  a  better  correl  it.  ion  between  the  slip  band  width 
and  spacing  to  the  fracture  strains  in  notched  tensile  specimens. 
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The  behavior  of  the  newly  developed  Al-Li-X  alloys  is  different  from  most 
other  aluminum  alloys  in  that  the  characteristic  fracture  associated  with  void 
initiation  at  constituent  particles  and  coarse  incoherent  Mn  and  Cr  disper- 
soids  and  the  subsequent  void  growth  by  shear  localization  is  absent.  The 
volume  fraction  and  size  of  these  particles  is  low  due  to  the  extremely  low 
contents  of  Fe  and  Si,  Table  1  and  the  use  of  Zr  as  the  dispersoid  forming 
element.  Previous  work  (.71  on  Al-Li-Cu  alloys  containing  higher  Fe  and  Si 
contents  suggest  that  coarse  constituent  particles  aid  in  fracture  initiation 
via  microvoid  nucleation  at  these  par^icies  and  decrease  ductility.  The  Cr 
and  Mn  dispersoids  may  homogenize  slip  in  aluminum  alloys  and  thus,  increase 
the  work  hardening  exponent.  However,  the  detrimental  nature  of  the  large  Mn 
and  Cr  containing  particles  on  the  fracture  ductily  is  clearly  demonstrated  in 
the  literature  (45).  Microvoids  are  normally  not  associated  with  the  small 
coherent  A!,,Zr  dispersoids. 

J 

''one  !  us  i  ous 

The  Al-Li-Cu  alloy  studied  exhibits  comparable  strength  and  ductility 
levels  to  commercial  high,  strength  A1  alloys.  Tin'  yield  strength  in  the 
peakaged  condition  is  320  MPa  and  is  accompanied  by  an  S  percent  elongation. 
The  strength  increase  is,  however,  accompanied  by  strain  localization  which 
curtails  ductility.  The  general  trend  of  increasing  fatigue  crack  growth 
resistance  with  lower  aging  time  remains  after  considering  both  crack  closure 
and  crack  deflections.  The  fracture  toughness  in  the  peakaged  condition  is  32 

i 

MPa  nr  .  This  value  together  with,  yield  strength  compares  well  with  the 
currently  avail. ihle  data  on  2XXX  and  7 XXX  alloys.  It  has  been  demonstrated 
‘.hit  increasing  slip  localization  accompanied  by  decreasing  strain  hardening 
exponent  results  in  a  decreasing  fra  -.cure  toughness  through  a  critical  strain 
icciimnl.it  ion  it  the  crack  tip  needed  lor  t  he  initial  crack  extons  ion . 
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TABLE  1 

Actual  Chemical  Composition  in  Weight  Percent 


Cu 

Li 

Cd 

Zr 

Fe 

S  i 

A 1 
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0.16 

0.01 

0.02 
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TABLE  2 

Meehan  ica 1  Proport ios 


Microstructure  Aging  time  o  (MPa')  o  (MPa)  °0  elongation*  n 
- « - y  s  uts 


8  hrs  . 
12  hrs. 
IT  hrs. 
19  hrs. 
22  hrs. 
26  hrs. 


0.13 

0.098 

0.055 

0.062 

0.056 

0.062 


0.3568 
0.315 
0.  145 


as  measured  on  19  mm  gage  length 
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£  r  -  In  (t~°);  A  is  the  original  and  A.  is  the  final  cross  sectional  area, 
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TABLE  3 

Fatigue  Threshold  Stress  Intensities 


istructur 
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AK  . 
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AK1 
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Mpa  in" 
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0.6 

PA 

Aii- 

2 .  S 

2.4 

0.4 

OA-2 

Air 

2 . 3 

2.3 

negl igible 

LA -2 

Vacuum 

5 . 5 

5 . 3 
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Vacuum 
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TABLE  A 

Measured  Deformation  Parameters 


Microstructure 

Slip  band 
w  i  d  t  h  W 

Slip  band 
Spacing  d 

P las t i c  zone 
width  D 

(  Uni ) 

(  um  ) 

(um ) 

L'A-  1 

0.4 

0.5 

4*4  2 

LA- 2 

0.31 

1  .  3  5 

25t> 

PA 

0 . 23p 

2 . 3  1  o 

(K) 

OA-2 

(i  .  h  1 

2  .  loo 
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(a)  Optical  micrograph  of  the  L-S  .section  illustrating  the  large 
unrecrysta  1 1  ix.od  grains  and  small  reorysta  1 1  ized  grains  (shown  hv 
arrow)  formed  during  the  solution  heat  treatment,  and  <b)  TEM  of 
the  subgrain  structure  in  the  {1111}  foil  plane. 
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Figure  2 : 


(a)  Diffraction  pattern  of  FA-2  showing  the  Al^  Li-Al^Zr 


and  the 


superlattice  spot  and  the  streak  corresponding  to  Al,,Cu 
precipitates.  (b)  DF  image  showing  tlie  three  variants  of  Al,,Cu 
precipitates.  Note  the  A1  Zr  precipitates.  (c)  BF  of  O'  and 
precipitates  in  the  {112}  foil  plane  in  PA. 
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TASK  III:  SECONDARY  CRACKING  IN  Al-Li-Cu,  Al-Li-Mg  AND  Al-Li-Cu-Mg  ALLOYS 
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Introduct ion 

Task  III  of  the  research  conducted  on  this  program  during  1985  addressed 
a  topic  of  critical  importance  for  application  of  Al-Li-base  alloys  in  plate 
and  extrusion  form.  Many  recent  studies  of  Al-Li-Cu  and  Al-Li-Cu-Mg  alloys 
have  shown  that  these  alloys  can  exhibit  severe  grain  boundary  cracking  [1-8]. 
The  most  commonly-observed  manifestation  of  this  grain  boundary  cracking  is 
appearance  of  secondary  cracks  on  fracture  surfaces  of  tensile  specimens 
loaded  parallel  to  the  rolling  direction.  In  addition,  studies  of  tensile 
properties  in  the  short  transverse  oiientation  have  demonstrated  the 
deleterious  effect  of  grain  boundary  fracture  on  short  transverse  ductility. 
This  phenomenon  is  of  relatively  minor  importance  in  sheet  products  because 
sheet  is  rarely  loaded  in  the  short  transverse  direction.  However,  plate  and 
extruded  products  are  frequently  loaded  in  the  short  transverse  direction  and 
poor  grain  boundary  strength  would  be  a  limiting  factor  in  some  applications. 

The  grain  boundary  cracking  phenomenon  is  particularly  notable  because 
Al-Li-base  alloys  of  commercial  compositions  are  usually  urirecrystal lized 
after  hot  rolling  to  final  gauge.  Consequently,  the  grains  are  large  and 
become  very  elongated  during  hot  rolling.  It  is  not  unusual  to  find  an 
average  grain  intercept  length  larger  than  1  mm  in  the  longitudinal  direction, 
as  illustrated  in  Fig.  1.  These  long  boundaries  become  planes  of  weakness 
when  the  material  is  loaded  in  the  short  transverse  direction. 

The  fundamental  question  addressed  by  this  part  of  the.  program  is  why 
grain  boundary  cracking  occurs  in  Al-Li-base  alloys.  Once  the  origin  of  grain 
boundary  weakness  is  understood,  development  of  composition  or  processing 
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variations  which  can  reduce  or  suppress  this  grain  boundary  cracking  problem 
will  be  pursued. 

We  have  identified  four  potential  mechanisms  which  could  give  rise  to 
grain  boundary  cracking  in  Al-Li-base  alloys. 

1.  Modulus  Effect 

A  lithium-depleted  zone,  about  1  micrometer  wide,  has  been  observed 
at  grain  boundaries  in  a  binary  Al-12.9  at°»  Li  alloy  [9].  Detection  of  such 
lithium  depleted  zones  is  difficult  because  Li  cannot  be  detected  by 

conventional  energy  dispersive  X-ray  systems.  Electron  energy  loss 
spectroscopy  (EELS)  was  used  by  Williams  and  Edington  [9]  to  measure  the 
depleted  region  in  the  binary  Al-Li  alloy.  No  additional  measurements  have 
been  reported. 

Since  lithium  has  a  strong  influence  on  the  elastic  modulus  of 

aluminum  alloys  (a  1  wt°0  addition  of  lithium  leads  to  a  6°0  increase  of  the 
elastic  modulus  [  10  J  )  ,  grain  boundary  regions  depleted  of  lithium  would  have  a 
lower  elastic  modulus.  A  variation  of  modulus  adjacent  to  the  grain  boundary 
would  have  the  effect  of  concentrating  stresses  in  the  vicinity  of  the 
boundary,  potentially  causing  premature  failure  in  the  low  modulus  layers 
adjacent  to  the  boundary. 

If  this  explanation  is  correct,  a  new  processing  method  is  an 
attractive  candidate  solution.  Synthesis  of  heat  treatments  to  reduce  the 
extent  of  lithium  depletion,  or  processing  treatments  to  move  boundaries  away 

from  lithium-depleted  areas,  both  have  the  potential  to  eliminate  the  stress 

concentrations  caused  by  lithium  depletion  at  grain  boundaries. 

2.  Segregation  of  Na  or  K  to  Grain  Boundaries 

Segregation  of  Na,  Ca  and  K  to  grain  boundaries  has  been  shown  to 
produce  grain  boundary  weakness  in  aluminum  alloys  (4,5,11-15).  High  grain 
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boundary  concentrations  of  Na  and  K  have  been  found  in  two  Al-Li-base  alloys 
which  exhibited  intergranular  fracture.  A  study  by  Vasudevan  and  coworkers  at 
ALCOA  [5]  concentrated  on  a  binary  Al-Li  alloy  to  which  deliberate  additions 
of  Na  were  made.  Underaged  treatments  showed  a  strong  effect  of  Na 
concentration  which  promoted  intergranular  fracture.  Overaged  treatments  were 
universally  brittle,  an  effect  due  to  strain  localization  during  deformation. 
Thus,  Na  did  not  have  a  strong  effect  on  ductility  and  toughness  of  overaged 
alloys  which  were  embrittled  by  an  alternate  mechanism.  The  alloys  examined 
by  Vasudevan  and  coworkers  [5]  were  completely  recrystallized. 

A  second  study,  carried  out  by  Wert  and  Lumsden  at  Rockwell 
International  [4],  focused  on  an  unrecrystal  1 ized  Al-Li-Cu-Mg-Zr  alloy  of 
near-commercial  composition.  High  concentrations  of  K  were  found  on 
intergranular  fracture  surfaces  by  scanning  Auger  microscopy.  Although  K 
levels  could  not  be  varied  in  this  commercial-type  alloy,  previous  studies 
have  associated  K  with  grain  boundary  weakness  in  A1  alloys  [4,5,11-15]. 
Thus,  segregation  of  K  to  grain  boundaries  in  the  alloy  studied  by  Wert  and 
Lumsden  strongly  implicates  K  as  a  grain  boundary  weakening  agent  in  complex 
alloys  with  compositions  near  those  of  evolving  commercial  alloys. 

Originally,  Na  and  K  were  thought  to  be  introduced  into  Al-Li-base 
alloys  as  impurities  in  the  lithium  addition.  However,  it  is  now  believed 
that  these  impurities  come  from  partial  dissolution  of  refractory  furnace 
liners  by  Al-Li-base  alloys.  Molten  Al-Li-base  alloys  are  very  aggressive  and 
react  more  strongly  with  refractories  than  other  comtnerc ia 1  -  type  aluminum 
alloys.  Consequently,  elimination  of  the  source  of  Na  and  K  contamination 
does  not  appear  feasible.  Melt  treatments  designed  to  lower  Na  and  K  levels 
are  apparently  available  and  may  be  able  to  reduce  the  level  of  Na  and  K 
contamination  to  lower  levels.  However,  in  unrecrysta 1 1 ized  alloys,  grain 
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boundaries  remain  in  locations  where  Na  and  K  segregate  during  solidification. 
Consequently,  even  low  contamination  levels  may  produce  grain  boundary 
weakness  in  unrecrystal lized  alloys. 

Thermomechanical  processing  treatments  designed  to  provoke 
recrystallization,  thus  moving  grain  boundaries  away  from  locations  of  high  Na 
and  K  contamination  appear  to  offer  a  potential  solution  to  the  problems 
caused  by  presence  of  these  impurity  elements.  Such  treatments  will  be 
investigated  in  this  research  program. 

3.  Grain  Boundary  Precipitation 

Large  equilibrium  phase  particles  often  precipitate  at  grain 

boundaries  in  Al-Li-base  alloys,  as  in  most  heat -treatable  aluminum  alloys. 

Vasudevan  and  coworkers  at  ALCOA  [Sj  have  reported  that  intergranular  fracture 

is  due  to  the  presence  of  these  particles.  Evidence  for  this  conclusion  was 

derived  from  comparative  experiments  on  Al-Li  alloys  containing  Al^Li 

particles  and  Ni-base  superalloys  containing  Ni„Al  particles.  The  crystal 

structure  of  Al„Li  and  Ni„Al  are  identical  and  both  matrices  have  fee  crystal 
i  j 

structures.  However,  Ni^Al  is  the  equilibrium  phase  in  superalloys  and  thus 
no  grain  boundary  precipitates  form.  Comparison  of  the  fracture 
characteristics  of  these  alloys  led  Vasudevan  and  coworkers  [8]  to  conclude 
that  grain  boundary  precipitation  of  equilibrium  phases  is  the  cause  of  grain 
boundary  weakness  in  Al-Li-base  alloys. 

The  concepts  used  by  Vasudevan  and  coworkers  [8]  are  extreme ly 
useful,  but  comparison  of  Al-base  and  Ni-base  alloy  characteristics  presents 
several  difficulties.  For  example,  Ni-base.  alloys  are  not  prone  to  grain 
boundary  weakness  caused  by  impurities  such  as  Na  and  K.  Moreover, 
characteristics  such  as  stacking  fault  energy,  antiphase'  boundary  energy, 
precipitate  misfit,  average  particle  size  and  coherent  particle  interfacial 
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energy;  which  may  profoundly  influence  the  course  of  deformation  and  fracture; 
are  not  the  same  in  these  two  alloy  classes.  A  more  conclusive  experiment 
would  be  possible  with  an  Al-Li-base  alloy  in  which  the  Al„Li  phase  was 
stabilized  to  become  the  equilibrium  phase.  In  this  case,  grain  boundary 
precipitation  of  AlLi  phase  would  be  eliminated  and  a  direct  comparison 
between  the  two  aluminum  alloys  would  be  feasible.  Such  an  experiment  is 
included  in  a  proposal  prepared  by  the  University  of  Virginia  for  the  Naval  - 
Air  Development  Center.  Results  from  that  program  are  expected  to  permit 
careful  assessment  of  the  role  of  grain  boundary  AlLi  precipitation  on 
intergranular  fracture. 

4.  Strain  Lccalization 

Strain  localization  has  been  shown  to  produce  intergranular  fracture 
in  binary  Al-Li  alloys  where  precipitate  shearing  leads  to  concentration  of 
slip  into  intense  bands.  intersection  of  these  slip  bands  with  grain 
boundaries  initiates  intergranular  fracture  at  relatively  low  strain  levels 
[15].  Addition  of  Cu  and  Mg  tc  Al-Li  a1 lays  is  the  currently-accepted  method 
for  reducing  the  strain  localization  problem  caused  by  high  volume  fractions 
of  shearable  A 1 „ L i  particles.  Although  ductility  is  markedly  increased  by  Cu 
and  Mg  additions,  intergranular  fracture  is  still  observed.  Since  strain 
localization  occurs  to  some  extent  in  all  precipitation-hardening  aluminum 
alloys,  but  other  alloys  do  not  display  intergranular  fracture  of  the  type 
exhibited  by  Al-Li-base  alloys,  it  seems  unlikely  that  strain  localization 
alone  could  account  for  the  observations  of  intergranular  fracture  in 
coinrnerc’  il-type  A!  -Li -Cu- (  Mg  )  alloys. 

A  second  possible  mechanism  of  strain  loca  1  i ...it ion  is  concentration  of 
strain  in  the  PFLs  along  gram  boundaries  [15]-  However,  stretching  before 
aging  is  a  classic  method  for  eliminating  PFZs  through  introduction  of 
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nucleation  sites  for  intermediate  precipitates.  Many  studies  have  shown  that 
stretching  improves  longitudinal  ductility  of  Al-Li  alloys  [1,2,4,16],  and  TF.M 
investigations  have  shown  that  PFZs  are  substantially  eliminated  by  the 
stretching  treatment.  However,  no  effect  of  stretching  was  found  on  short 


transverse  ductility  [4] 

,  nor  did  stretching 

e  1  iminate 

the  occurrence 

of 

intergranular 

cracks  on 

longitudinal  tensile 

f  racture 

surfaces.  Thus 

we 

conclude  that 

strain  localization  due  to  PFZs  is 

not  the 

primary  cause  of 

the 

intergranular 

crack ing 

phenomenon  observed 

in  Al- 

Li-base  alloys 

of 

near-commercial  composition. 

Research  Objectives 

This  research  program  is  designed  to  assess  the  importance  of  candidate 
mechanisms  1  through  4  listed  above.  Additional  results  from  other  programs 
currently  being  conducted  at  the  University  of  Virginia  will  add  support  to 
the  conclusions  of  the  present  program.  It  is  our  intention  to  address  the 
fundamental  questions: 

1.  What  is  the  origin  of  intergranular  fracture  in  commercial -type 
Al-Li-Cu- (.Mg)  alloys? 

2.  What  can  be  done  to  reduce  or  eliminate  this  type  of  fracture? 

Each  of  the  potential  mechanisms  of  intergranular  fracture  poses  a  set  of 
intermediate  questions  which  must  be  addressed  to  uncover  the  final  answers  to 
the  primary  questions  listed  above. 

Technical  Progress 

Investigation  of  two  Al-Li-Cu- (Mg)  alloys  has  been  underway  for  a  3-month 
period  at  the  end  of  the  present  reporting  period  (1985),  and  will  continue  in 
1986.  During  the  initial  3  months  of  this  research  effort,  we  have  focused  on 
characterizing  the  alloys: 
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•  Two  alloy  compositions  were  selected. 

•  An  understanding  of  the  microstructure  and  how  it  evolved  during 
processing  has  been  established. 

•  Bulk  chcrp;cal  composition  has  been  related  to  the  potential  grain 
boundary  composition  of  impurities. 

•  TEM  characterization  of  grain  boundary  precipitation  has  been 
conducted . 

•  X-ray  pole  figures  were  determined. 

Two  alloys,  designated  as  LC1  and  LCM1 ,  are  presently  being  investigated. 
They  were  cast  and  hot-rolled  to  12.7  mm  plate  by  Reynolds  Metals  Co.  The 
alloys  were  DC  cast  in  the  form  of  ingots  with  a  168  mm  x  81  mm  cross-section. 
After  casting,  they  were  homogenized  24  hrs  at  543°C  and  hot  rolled  to  12.7  mm 
thick  plate,  which  represents  an  84°0  reduction  ratio.  Cross -rol 1 ing  was  used 
during  initial  break-down  of  the  ingots,  to  provide  a  final  plate  of  the 
desired  dimensions.  Reynolds  Metals  Co.  also  supplied  pieces  of  the  ingots, 
which  permitted  characterization  of  the  as-cast  structure  and  of  changes  that 
occurred  in  the  structure  during  hot  rolling. 

The  result  of  the  chemical  analysis  of  these  two  alloys,  performed  by 
Luvak  Inc.,  is  given  in  Table  1. 
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Table  1 


Alloy  Composition  (.Wt  °0) 


LC1 

LCM1 

Li 

2.45 

2.46 

Cu 

2.43 

2.04 

Mg 

.003 

.96 

Zr 

.  18 

.  14 

Fe 

.098 

.11 

Si 

.089 

.047 

Na 

.0014 

.0006 

K 

.0005 

.0005 

Ca 

<.0005 

<.0005 

According  to  the  International  Aluminum  Association  code,  LC1  is  a 
2090-type  alloy,  and  LCM1  is  an  8091-type  alloy.  ALCAN  International  will 
,  commercialize  the  8090  and  8091  alloy  compositions  and  ALCOA  will 

commercialize  the  2090-type  alloys, 
f  1.  Meta  1 lographic  Study 

The  purpose  of  this  study  was  to  characterize  the  grain  structure  of 
the  alloys,  and  to  determine  the  appropriate  solution  heat  treatment 
temperature  for  these  alloys. 

Samples  of  both  alloys  were  first  solutionized  in  a  salt  bath  at 
530°C  for  15  min.  Keller's  reagent  was  used  to  etch  the  samples,  permitting 
observation  of  the  grain  structure.  In  both  alloys,  the  grains  had  the 
familiar  pancake  morphology.  Fig.  1  shows  the  microstructures  in  all  three 
orientations.  A  substantial  difference  in  the  size  of  the  grains  was  found 


for  the  two  alloys,  the  Mg-containing  alloy  having  a  coarser  grain  structure. 
Mean  linear  intercept  grain  sizes  are  given  in  Table  2. 


Table  2 


Grain  Size  of  Hot-Rolled  Plate 


L-direct ion 

T-direct ion 

S-direct ion 

Alloy 

ym 

ym 

ym 

LC1 

300-400 

100-200 

20-60 

LCM1 

400-1000 

200-400 

40-100 

Some  particles,  identified  as  undissolved  precipitates,  were  observed 
after  solution  treatment  at  530°C.  Studies  at  Reynolds  Metals  Co.  and  at  the 
University  of  Virginia  have  shown  that  530°C  does  not  produce  maximum 
orecipitat ion  hardening,  confirming  that  solution  treatment  at  530°C  results 
in  incomplete  solution  of  the  precipitating  phases.  Additional  specimens  were 
solution  heat  treated  at  550°C  for  periods  of  15  min. ,  30  min.  and  1  hour  in 
an  effort  to  determine  appropriate  solution  heat  treatment  temperature  and 
time.  Results  of  these  studies  showed  that  solution  treatment  for  15  min.  or 
longer  -t  55(J°C  completely  dissolves  soluble  precipitates.  Consequently,  a 
solution  heat  treatment  at  550°C  during  30  min.  was  chosen  for  the  following 
experiments  . 

In  addition  to  determining  grain  morphology  and  appropriate  solution 
treatment  temperatures,  met  a  1 lographic  study  of  the  microstructure  of  the  cast 
material  provided  insight  into  the  evolution  of  microstructure  during 
processing.  Figs.  2a  and  2b  shows  the  cast  microstructures  before 
homogenization,  the  plane  of  the  photographs  is  normal  to  the  casting 
direction  and  the  location  is  approximately  at  the  center  of  the  section. 


Little  di 

fference 

was  found  in  grain 

size 

from  the 

edge  to  the  center 

of  the 

cast ings  . 

These 

cast  structures 

are 

typica  1 

of  grain-refined, 

DC -cast 

a luminum 

a  1 1 oys  . 

The  cast  grain 

s  ize 

cannot 

be  determined  from 

these 

photographs  because  the  grains  do  not  have  sufficient  contrast.  Additional 
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micrographs,  shown  in  Figs.  2c  and  2d,  were  taken  following  anodizing.  These 


results  allowed  the  grain  sizes  in  the  castings  to  be  determined. 

Knowing  the  cast  grain  size  and  the  extent  of  reduction,  the  final  grain 
size  can  be  calculated  assuming  no  recrystallization  during  hot  rolling. 
Results  of  these  calculations  are  shown  in  Table  3.  The  calculated  and 
measured  short  transverse  grain  sizes  compare  favorably,  leading  us  to 
conclude  that  recrystallization  did  not  occur  during  hot  rolling.  This 
conclusion  is  supported  by  the  X-ray  results  presented  in  the  following 
section . 


Table  3 

Prediction  of  Grain  Size  After  Hot  Rolling 


As -Cast 

Hot-Rol led 

Predicted  Observed 

A1  loy 

pm 

pm 

pm 

LC1 

83.8 

13.1 

18.5 

LCM1 

287 

44.8 

40.0 

A  surprising  feature  of  the  cast  structures  is  the  difference  in  dendrite 
spacing  and  grain  structure  in  two  nomina 1 ly- ident ica 1  castings.  Dendrite 
spacing  is  usually  controlled  by  cooling  rate,  the  difference  in  structure 
thus  suggests  a  rather  large  difference  in  cooling  rate  of  these  two  alloys. 
However,  Reynolds  Metals  Co.,  producer  of  this  material,  is  confident  that  the 
cooling  rates  were  approximately  equal  for  these  two  castings.  The  origin  of 
the  grain  size  difference  is  not  presently  known.  Although  the  grain  size  of 
the  casting  is  reflected  in  the  hot-rolled  microstructure,  this  difference  is 
not  thought  to  pose  substantial  problems  in  interpreting  the  results  of  the 


present  study. 
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X-ray  Investigation 


Since  this  study  is  addressing  fracture  at  grain  boundaries,  it  is 


essential  to  determine  whether  these  alloys  recrystallized  during  hot  rolling 
or  during  the  solution  heat  treatment  at  550°C.  'lota  1 lographic  investigation 
showed  the  grains  to  be  large  and  elongated  in  the  longitudinal  and  long 


transverse  directions.  This  grain  morphology  could  be  characteristic  of 


either : 


unrecrystallized  grains,  in  which  case  the  grain  size  and  aspect 


ratio  would  be  related  to  the  original  cast  grain  size  and  to  the 
degree  of  rolling  reduction,  or 

•  recrystallized  grains  which  are  usually  elongated  in  aluminum  alloys 
due  to  preferential  growth  during  recrystallization. 

Pinhole  back  reflection  patterns  and  pole  figures  were  measured  to  determine 
the  extent  of  recrystallization  during  hot  rolling. 

Samples  of  both  alloys  were  solution  heat  treated,  mechanically 
polished  (.600  grit),  etched  2  min.  in  sodium  hydroxide  at  70°C  and  cleaned  in 
dilute  nitric  acid  before  pole  figure  determination  was  performed.  The  same 


samples  were  used  for  pinhole  back-reflection  experiments. 

The  [111]  pole  figures  for  both  alloys,  shown  in  Fig.  3,  are  typical 
of  rolled  aluminum  alloys.  Evidence  of  cross - ro 1 1 ing  during  hot  rolling  of 


the  ingots  can  be  seen  in  the  pole  figures.  The  pole  figures  support  the 
conclusion  that  no  recrystallization  occurred  during  the  final  rolling  steps 
or  during  subsequent  solution  treatment.  Pinhole  back-reflection  photographs 
showed  essentially  continuous  rings  rather  than  individual  reflections. 


confirming  the  presence  of  a  deformation  substructure  in  both  alloys. 
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Transmission  Electron  Microscopy 


Both  alloys  are  being  characterized  by  TEM  to  establish  their  grain, 
sub-grain  and  precipitation  structure.  The  presence  of  stable  phases  at  the 
grain  boundaries  was  also  examined  in  detail.  So  far,  only  solution-treated 
alloys  have  been  characterized  using  TEM.  Thin  foils  from  the  L-T  section  of 
the  materials  were  obtained  by  mechanical  polishing  and  subsequently 
electro-polishing  in  a  3:1  methanol : nitric  solution  at  -15°C. 

The  elongated  grain  structure  found  by  optical  microscopy  was  also 
evidenced  in  the  TEM  specimens.  In  addition,  a  subgrain  boundary  network  was 
observed  within  the  elongated  grains,  with  an  average  subgrain  diameter  of 
about  one  third  of  the  short-transverse  grain  dimension.  This  subgrain 
structure,  also  found  by  previous  investigators  in  similar  alloys  [16],  is  the 
result  of  recovery  during  hot  rolling. 

The  main  focus  of  our  TEM  study  is  characterization  of  particles  at 
grain  boundaries  and  subgrain  boundaries.  Results  obtained  during  the  initial 
period  of  investigation  have  led  to  the  following  conclusions: 

Subgrain  boundaries  are  free  of  particles  after  solution  treatment. 
Thus,  any  particles  observed  on  subgrain  boundaries  after  aging  must  be 
soluble  particles  precipitated  during  aging. 

Grain  boundaries  have  a  significant  particle  population  after 
solution  treatment.  These  particles  are  fairly  large  and  are  either  globular 
or  lenticular,  in  which  case  they  are  usually  aligned  in  the  rolling 
direction.  These  particles  are  generally  too  large  to  permit  selected  area 
diffraction  patterns  to  be  obtained.  Thus,  the  primary  means  of 
identification  of  these  particles  will  be  micro-KDS  using  the  STEM. 
Preliminary  analysis  has  revealed  that  some  of  the  particles  contain  Si  in 
combination  with  other  elements,  but  detailed  characterization  is  underway. 
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drain  interiors  have  boon  found  to  contain  Al„Li,  Al.Zr  and  constituent 

o  3 

,'jrt  ii  les  sin:  ;lir  to  those  found  at  grain  boundaries.  The  dispersion  of 
A I  hi  u  ;s  ve :  y  :i::e  m  the  imaged  samples,  as  is  expected  for  precipitates 
that  form  .far  ;:.g  quench  ing.  The  inability  to  suppress  Al„Li  by  conventional 
quenching  ;  t  r.,-h  :  os  has  been  noted  by  previous  investigators  (16].  The  Al^Zr 
part;,  ies  :  ;  hive  an  average  diameter  of  7  nm,  typical  of  many 

other  aluminum  1 1  levs  .  .  ;-t  .lining  hr.  The  dens  i  ty  of  constituent  particles 
found  in  grain  interiors  u  is  quite  low,  t  he  majority  of  these  particles  being 
concentrated  at  gram  boundaries.  iiowev  er ,  no  systematic  differences  in 
particle  sine  or  morphologv  have  been  observed  between  the  constituent 

particles  at  grain  boundaries  and  in  grain  interiors. 

4.  Tensile  Test  Results 

Limited  tensile  testing  ot  aged  sample's  has  shown  that  the  two 
alloys  selected  for  this,  study  do  indeed  exhibit  the  intergranular  fracture 
behavior  being  studied.  Fig.  4  shows  a  fractograph  of  alloy  LCM1  solution 

treated  at  550°C  for  30  minutes,  quenched  and  aged  at  190°C  for  48  hours.  A 
complete  description  of  the  tensile  results  will  be  incorporated  into  a 

subsequent  report. 

Tasks  Planned  for  1986 

We  envision  that  the  following  tasks  will  be  carried-out  during  the  next 
year  to  identify  the  factor  (s')  tl  at  contribute  to  intergranular  fracture  in 
the  two  Al-Li-base  alloys  under  investigation. 

Tens i le  Tests .  Full  characterization  of  the  tensile  properties  will  be 
completed  with  the  goal  of  delineating  the  effects  of  aging  treatment  on  the 
severity  of  intergranular  fracture.  Extensive  fractography  will  be  conducted 
with  the  failed  tensile  specimens.  In  addition,  short  transverse  tensile 
tests  may  be  conducted  to  provide  specimens  which  will  allow  the  topology  of 


the  intergranular  fracture  to  be  characterized.  This  is  expected  to  aid  in 


assessing  the  role  of  grain  boundary  precipitates  in  the  intergranular 
fracture  process.  Characterization  of  grain  boundaries  fractured  by  liquid 
metal  embrittlement  will  permit  the  effect  of  plastic  deformation  on  the 
fracture  topology  to  be  assessed. 

TEM .  A  more  complete  analysis  of  the  grain  boundary  regions  will  be. 
carried  out,  with  emphasis  on  identifying  the  composition  of  the  grain 
boundary  constituent  particles.  In  addition,  TEM  analysis  of  slightly 
deformed  specimens  will  be  used  to  determine  if  concentration  of  strain  occurs 
in  the  vicinity  of  the  grain  boundaries.  Such  strain  concentrations  could  be 
caused  by  modulus  variations,  by  PFZs  or  by  the  stress  concentrating  effects 
of  grain  boundary  particles. 

Thermome.chanica  1  Processing.  Movement  of  boundaries  away  from  locations 
where  constituent  particles  or  impurities  such  as  Na  and  K  have  concentrated 
may  dramatically  improve  the  short  transverse  ductility.  Although  A1 -Li-base 
alloys  containing  Zr  are  difficult  to  recrystallize,  processing  techniques 
such  as  those  developed  under  AFOSR  sponsorship  at  Rockwell  International  are 
suitable  for  provoking  recrystallization  in  these  alloys.  Tensile  tests 
conducted  before  and  after  such  processing  will  establish  the  value  of 
thermomechanical  processing  treatments  for  alleviation  of  the  intergranular 
fracture  problem,  and  will  aid  in  identifying  the  cause  of  this  problem. 

Mode  ling.  Modeling  of  the  stress  concentration  which  could  be  caused  by 
the  variation  in  modulus  will  permit  the  importance  of  this  potential  source 
of  intergranular  fracture  to  be  assessed.  Since  the  variation  of  elastic 
modulus  with  lithium  concentration  and  the  lithium  concentration  profile  at 
the  grain  boundaries  is  known,  modeling  can  be  conducted  without  further 
expo  r  iment.i  1  information. 
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Auger  Analysis .  If  the  thermomechanical  processing  results  suggest  that 
boundaries  are  indeed  moved  away  from  regions  where  impurities  or  constituent 
particles  may  be  concentrated,  we  may  find  that  Auger  analysis  of  the  original 
boundaries  is  required  to  assess  the  concentration  of  N'a  or  K  in  the  original 
boundary  locations.  Arrangements  will  be  made  to  use  the  facilities  at  Oak 
Ridge  National  Laboratory  for  these  analyses. 
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